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Broadband antireflection and field emission characteristics of silicon nanopillars (Si-NPs) fabricated by self-
masking dry etching in hydrogen-containing plasma were systematically investigated. In particular, the
effects of ultrathin (5-20 nm) titanium nitride (TiN) films deposited on Si-NPs by atomic layer deposition
(ALD) on the optoelectronic properties were explored. The results showed that by coating the Si-NPs

5 with a thin layer of TiN the antireflection capability of pristine Si-NPs can be significantly improved,
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Accepted 13th June 2014 especially in the wavelength range of 1000-1500 nm. The enhanced field emission characteristics of

these TiN/Si-NP heterostructures suggest that, in addition to the reflectance suppression in the long
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Introduction

Over the last few decades, arrays of one-dimensional (1D)
silicon nanostructures (Si-NSs) have attracted a tremendous
amount of research attention due to their profound impacts in
advancing the modern science and technologies.' Among the
methods developed for fabricating the 1D-Si-NS, metallic
nanoparticles, including gold, silver and nickel, have been
playing an important role in serving as the bottom-up growth
catalysts®® or as metal-masks during the top-down galvanic
displacement reaction® and dry etching processes.®” Most of
these techniques, however, require either complicated
manufacturing processes and/or are time-consuming. There-
fore, developing a simple fabrication scheme to create 1D-Si-NS
in a controlled manner is of both fundamental and application
significance. Very recently, we have demonstrated that self-
assembled silver nano-dots (Ag-NDs) obtained from short time
dc-sputtering could serve as a natural metal-mask in producing
Si-NS with much improved anti-reflectivity in the wavelength
range of 300-1000 nm.®? Moreover, such Si-NS, when incorpo-
rated with a thin layer of ZnO derived from atomic layer depo-
sition (ALD), could reduce the field emission turn-on field
dramatically.® In the former case, the very low reflection loss
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may have also significantly modified the effective work function at the TiN/Si interface as well.

obtained has been attributed to the establishment of a gradually
decreasing refraction index gradient and reduction of diffrac-
tion loss by introducing the sub-wavelength spacing in the
micron-sized 1D-Si-NS layer.® In the latter case, on the other
hand, the inhibition of the forming native SiO, layer and
possible band-edge discontinuity resulting from the incorpo-
ration of an ultra-thin ALD-derived ZnO layer on Si-NSs are
believed to play a prominent role.” A similar concept of intro-
ducing a chemically more stable surface coating to enhance the
field emission properties of Si-NSs without altering their unique
geometries has also been demonstrated in diamond-coated Si
nanoemitters.’®* However, the antireflective properties of
such coated-Si-NS heterostructures were not systematically
explored.

Titanium nitride (TiN) is a midgap metal with a melting
point of 2930 °C and a high thermal conductivity of ~19.2 W
m~ ' °C™, and is chemically inert under ambient conditions.*?
More interestingly, the work function of TiN has been reported
to vary from 3.5-4.7 eV, depending on the preparation methods
and templates used.”*"” As a result, it has been extensively
investigated and used as the gate electrode for effective work
function control in various semiconductor field-effect semi-
conductor devices.'*"” Moreover, its refractive index n is known
to strongly depend on the illuminating wavelength (1); namely n
can vary from 2.43 for A <300 nm to n <1 for A> 600 nm."® In this
respect, TiN appears to be an ideal candidate for serving as the
coating layer for exploring the optical and electrical properties
of Si-NSs.

In this study, we further introduce a lithography-free self-
masking method to fabricate a wafer-scale Si nano-pillar (Si-NP)
array. This process involves only a single-step hydrogen plasma
dry etching directly applied to a wafer-size silicon substrate

This journal is © The Royal Society of Chemistry 2014
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without introducing any metal nano-dots or other etching
masks. As a result, it represents an extremely simple and
effective way of fabricating large area Si-NSs. The as-made Si-
NPs exhibit an average reflectance of 1.79% over the wavelength
range of 380-1000 nm. Although it is by far superior to that
obtained in most antireflective Si-NSs, an undesired uprising in
reflectivity for wavelengths beyond 1000 nm was observed.
Nevertheless, by depositing a thin layer of TiN, not only the
long-wavelength (>1 um) reflectivity is drastically improved but
also the corresponding field emission properties of the Si-NPs
are significantly enhanced. The effects of the TiN layer thick-
ness are discussed with the aid of detailed microstructural
analyses to delineate the underlying mechanisms relevant to
the obtained results.

Experimental section

The wafer-scale production of Si-NPs was carried out in an
inductively coupled plasma chemical vapor deposition
(ICPCVD) system using the following processes. Prior to per-
forming the etching processes, CF, and O, plasma were applied
to clean the chamber. After the Si(100) wafer was loaded into the
reactive chamber, it was pumped to a pressure of 5 x 10> Torr
with the substrate holder being heated to 400 °C. Subsequently,
the H, gas with a flow rate of 160 sccm was introduced into the
reactor with the pressure maintained at 30 mTorr. The etching
process was carried out by maintaining the input radio-
frequency (RF) and dc-bias power at 550 W and 280 W,
respectively. Details of the process parameters and the possible
mechanisms involved in obtaining Si-NPs with H,-plasma
etching were described and discussed previously.'*** However,
unlike that practiced previously, in this study the duration of
H,-plasma etching has been increased to 120 min. Ultrathin
TiN films were deposited onto these nanopillar covered Si
substrates at an ambient temperature of 470 °C by atomic layer
deposition (ALD). ALD growth is a self-limiting vapor-phase
chemisorption process governed primarily by consecutive
surface reactions. Thus, in order to precisely control each
surface reaction step, critical purge steps were usually con-
ducted to prevent individual reactive precursors from mutual
interactions.” In the present study, pulse durations of
ammonia and titanium chloride (TiCl,) precursors were both
kept at 0.5 seconds and the purge and pumping periods were
maintained at 10 seconds. Argon (Ar) gas was used as the purge
gas with the pressure being set to 0.8 Torr. The above deposition
scheme was used for depositing ultrathin TiN films onto the
surface of Si-NPs for 90, 180, 360 and 540 ALD cycles, which
resulted in the corresponding TiN film thickness of about 5, 10,
15 and 20 nm, respectively.

A field emission scanning electron microscope (FESEM,
JEOL JSM-6700F) was used to examine the morphology of the
TiN/Si-NP heterostructures. High-resolution X-ray diffraction
(HRXRD, PANalytical X'Pert Pro Singapore, with Cu Ka; A =
0.154 nm) was used to determine the phase formation and
crystallographic structure of all samples. High resolution
transmission electron microscopy (HRTEM, JEOL JEM-2010F)
with an operating voltage of 200 kV was employed to investigate
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the interface microstructures of the obtained TiN/Si-NP heter-
ostructures. The reflectivity of the bare Si-NPs and TiN/Si-NPs
was measured using a spectrophotometer (Jasco V-670) with
unpolarized light of wavelength ranging from 380 to 1500 nm.
In order to obtain precise information on the optical properties
of the Si-NPs and TiN/Si-NPs, an integrating sphere was used
in the spectrophotometer to determine the total reflectance.”®
Moreover, the samples were loaded into a vacuum chamber (2 x
10~° Torr) to measure the field emission current. The probe
served as the anode electrode in the vacuum system and the
cathode voltage was applied to the Si substrates.

Results and discussion

The FESEM image shown in Fig. la displays the typical
morphology of the Si-NPs obtained by the present single-step
plasma etching process. As is evident from the image, the Si-
NPs are about 300-600 nm in height and are aligned vertically
with an average diameter of about 40-60 nm and a density of
~3 x 10" cm ™2 Fig. 1b shows the top-view SEM image of the Si-
NPs, indicating that the individual nano-pillars are indeed well-
separated with an average spacing of ~50-60 nm. Furthermore,
as shown in Fig. 1c, the HRTEM image shows that the obtained
Si-NPs remain essentially single crystalline, indicating that the
present single-step plasma etching process apparently has
resulted in effective anisotropic vertical etching while only
leading to negligible damage laterally, a characteristic feature of
dc-biased low-pressure reactive plasma etching.'® In addition,
the optical micrograph displayed in Fig. 1d exhibits that the
appearance of the entire 6-inch wafer becomes dark black,
presumably due to the enhanced antireflectivity resulting from
the layer of the obtained densely packed array of Si-NPs.

Si-substrate

6 inch
Si-NPs wafer

Fig.1 (a) Cross-sectional and (b) top-view SEM images of Si-NPs. (c)
The HRTEM image of Si-NPs, and (d) the Si-NP-coated wafer exhibited
a uniformly dark surface, i.e., excellent light trapping properties over
the entire surface of the 6 inch Si wafer.
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TiN/Si-NPs

Si-substrate

Si-substrate

TiN/Si-NPs TiN/Si-NPs

Si-substrate Si-substrate

100 nm

Fig. 2 Cross-sectional SEM images of a (a) 5 nm, (b) 10 nm, (c) 15 nm
and (d) 20 nm TiN film which was grown on Si-NPs.

Fig. 2 shows the typical cross-sectional image of the TiN-
coated Si-NPs. The thicknesses of the ALD grown TiN layer are 5,
10, 15, and 20 nm as shown in Fig. 2a-d, respectively. It is clear
that, when compared with the as-prepared Si-NPs displayed in
Fig. 1a and b, the morphology of the vertically aligned Si-NPs
remains essentially intact after depositing a layer of 5 or 10 nm
thick TiN films. However, the pillars appear to coalesce (Fig. 2c
and d) as the thickness of the TiN layer is further increased. The
effects of this morphological change on the antireflectivity and
field emission properties of the TiN/Si-NPs will be examined in
more detail below.

In order to examine the structure of the thin TiN layers
deposited on the Si-NP array, the grazing incidence XRD

5 nm TiN/Si-NPs
10 nm TiN/Si-NPs
15 nm TiN/Si-NPs
20 nm TiN/Si-NPs

(200)

Intensity (arb. units)

2 theta (degree)

Fig. 3 XRD curves of 5 nm TiN/Si-NPs (blue line), 10 nm TiN/Si-NPs
(red line), 15 nm TiN/Si-NPs (green line), and 20 nm TiN/Si-NPs
(wine line).
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measurements were carried out. Fig. 3 shows the XRD patterns
obtained for the TiN films with various thicknesses (5, 10, 15
and 20 nm, respectively) on Si-NPs. It is evident that all samples
exhibit the formation of the polycrystalline TiN phase.
Furthermore, the grain size of the TiN films appears to increase
with the increasing film thickness as indicated by the
decreasing full-width at half-maximum (FWHM) of the corre-
sponding diffraction peaks. A rough estimate on the grain size
using the Scherrer's formula:***” D = KA/@ cos 6, where D is the
grain size, K (~0.9) is a constant, A is the wavelength, § and § are
the FWHM and angle of the chosen diffraction peak, respec-
tively, indicates that the grain size is about 5, 6, 8, and 10 nm for
a TiN thickness of 5, 10, 15 and 20 nm, respectively.

To further confirm the structural information suggested by
the XRD results for the obtained TiN films in more detail, we
examined the TiN/Si-NP heterostructures by HRTEM. The
HRTEM image, as shown in Fig. 4, evidently reveals that the
interface of TiN/Si-NP heterostructures is nearly free of an oxide
layer. Moreover, it can be seen that the 10 nm thick TiN layer
is indeed of polycrystalline nature with an average grain size of
6-7 nm, which is in good agreement with the XRD results shown
in Fig. 3. In any case, we have demonstrated that the TiN layer
with varying thicknesses can be uniformly coated onto the Si-
NPs fabricated by self-masking dry etching in hydrogen-con-
taining plasma.

Next we discuss the optical and electronic properties of the
obtained TiN/Si-NP heterostructures. The total reflectance
spectra, including the specularly reflected beam, over the
wavelength range of 380-1500 nm were recorded in an inte-
grating sphere. For comparison the total reflectance of the
polished Si substrate is included. As is evident from the results
shown in Fig. 5, the polished Si substrate exhibits a mono-
tonically decreasing reflectance with an average of ~33.6% in
the wavelength range of 380-1000 nm, and then displays an
abrupt up-rise to about 45% for the wavelength beyond
1000 nm. The reflectance is significantly suppressed to an
average of 1.49% in the range of 380-1000 nm when the surface
is covered by a layer of as-fabricated Si-NPs. The more than one

Fig. 4 Image of HRTEM for the 10 nm TiN/Si-NP heterostructure.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 The reflectance curves of polished Si (empty circles) and bare
Si-NPs (black squares), 5 nm TiN/Si-NPs (solid triangles), 10 nm TiN/Si-
NPs (solid circles), 15 nm TiN/Si-NPs (solid pentagon), and 20 nm TiN/
Si-NPs (solid diamond).

order of magnitude improvement in reflectance is attributed to
the reduction of the effective refraction index in the Si-NP layer
by introducing more empty space, as well as the greatly
increased surface area and formation of a gradually decreasing
refraction index gradient from the substrate to air because of
the tapered pillars.®®*** The reflectance of the as-fabricated Si-
NPs, however, increases abruptly for the illuminating wave-
length beyond 1100 nm. This phenomenon is similar to that
seen in the polished Si substrate and may be attributed to the
fact that the photon energy is already smaller than the energy
gap of Si (~1.1 eV at room temperature)®® and the light is hardly
absorbed by the Si-NP-coated substrate. Alternatively, since the
illuminating wavelength has become larger than the height of
the nano-pillars, the destructive interference from the nano-
pillars becomes less effective, leading to an abrupt increase in
reflectance.”

Perhaps the most interesting observation of the present
study is wavelength dependent reflectance exhibited by the TiN-
coated Si-NPs. As can be seen from Fig. 5, while the short
wavelength reflectance (from 380 to 1000 nm) of TiN/Si-NPs is
slightly increased with increasing thickness of the TiN layer, the
long wavelength reflectance in these TiN/Si-NPs is, nevertheless,
displaying a very different behavior as compared to that of the
polished Si substrate and as-fabricated Si-NPs. As is suggestive
from the morphological evolution of TiN coating, the slight
increase of reflectance with the increasing thickness of the TiN
layer in the short wavelength range might be explained by
blunting of Si-NP tips and the coalescence of neighboring Si-
NPs (Fig. 2a-d). The tips of the nano-pillars get larger in
diameter and become less conducive to optical coupling.
Moreover, the TiN coating also fills more and more empty
spaces existing in the original Si-NPs, leading to a slight
increase in the effective refractive index as well as to the blur-
ring of the tapering structure. The manifestation of the

This journal is © The Royal Society of Chemistry 2014
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abovementioned two factors, namely the diameter of the nano-
pillar's tip and the inter-pillar spacing, has indeed resulted in a
sizeable increase in reflectivity for TiN/Si-NPs below a wave-
length of 800 nm, except for the 5 nm one. The slight decrease
of reflectance for the 5 nm TiN/Si-NPs may thus be explained by
being due to the competition between the optical coupling
effect of nano-pillar's tip and reduced reflectivity induced by
inter-pillar spacing modifications. Nevertheless, compared to
the as-fabricated Si-NPs, the reflectance of all TiN/Si-NP heter-
ostructures is significantly reduced in the wavelength range
beyond 1000 nm. In general, effective antireflective coating
relies primarily on the following factors: (i) 7. ~ (nans)*'?, where
ne, N,, and ng are refractive indices of the coating material, air,
and substrate, respectively; (ii) the layer thickness near the
quarter-wavelength optical thickness; (iii) establishment of
some sort of refractive index gradient.® Since the Si-NPs fabri-
cated by the present one-step process are rather uneven, making
it rather difficult to quantitatively estimate the relative volume
ratio between the empty inter-pillar spaces and pillars with or
without TiN coatings, hence a meaningful effective refractive
index gradient. Nevertheless, it is natural to expect that the
refractive index gradient is modified (in fact, deteriorated) with
increasing thickness of the TiN coating layer owing to
decreasing empty inter-pillar spacing. This, in fact, is reflected
in the results seen in the short wavelength region, where the
reflectance is increased with increasing thickness of the TiN
layers. Thus, the improvement of antireflection characteristics
in the long wavelength range obtained here is more likely due to
the dramatic reduction of the refractive index of the TiN layer in
the long wavelength range (from n ~ 2.43 at A <230 nm to n ~
0.98 at A > 900 nm)," instead of refractive index gradient
modifications in the present case. This observation also
suggests that, by carefully manipulating the morphology and
the inter-pillar spacing, further improvement on the broadband
antireflection can be achieved. The next question of interest will
be how the coated TiN thin layer affects the electronic proper-
ties of the Si-NPs and the associated field emission performance
for these nanopillar structures. Fig. 6 shows the emission
current density as a function of the applied electrical field (J-E
curves) for both the Si-NPs and TiN/Si-NPs. The electric field was
determined by dividing the applied voltage with the apparent
cathode-anode separation. Thus, it represents an averaged
global field instead of a local field at the tips of the nano-
structures. Steady field emission was obtained by keeping the
distance between the electrodes at 25-45 pm and the chamber
pressure at 2 x 10~ ° Torr during measurements. It is evident
from Fig. 6 that, for the as-fabricated Si-NPs, only a diminish-
ingly small field emission current was detected up to the
maximum applied field (~44 V um™') of the current setup.
Moreover, the turn-on field, which was defined as the applied
field required for drawing an emission current of 200 uA cm ™2,
is 30.2 V um™'. This is presumably due to the existence of the
native oxide layer which forms an insurmountable barrier for
electron emission. On the other hand, for the TiN(10 nm)/Si-
NPs, the turn-on field is significantly reduced to ~13.3 V um ™.
It is noted that the emission current density reaches
~4 mA cm™? at the maximum bias field of our current setup

Nanoscale, 2014, 6, 9846-9851 | 9849
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Fig. 6 Field-emission characteristics of bare Si-NPs (squares), 5 nm
TiN/Si-NPs (triangles), 10 nm TiN/Si-NPs (circles), 15 nm TiN/Si-NPs
(pentagon), and 20 nm TiN/Si-NPs (diamond). The inset shows the F—
N plot of the corresponding field-emission data for 10 nm TiN/Si-NPs.

(24.4 V um™"). We believe that the enhancement of field emis-
sion for all TiN/Si-NPs obtained in this study was resulted from
the combination with the geometric morphology of Si-NPs as
well as the interface and electronic structure modifications
arising from the coated transparent conductive TiN layer. In
particular, as is evident from Fig. 4b, TiN-coating appears to
have removed the formation of the native SiO, layer completely
from the surface of Si-NPs, which might account for the
substantial reduction of the field emission threshold voltage.

According to the classical Fowler-Nordheim (F-N) theory for
field emission the relationship between the emission current
density and the applied field can be expressed by the following
F-N equation:***

J=

2 _pa32
AB°E? exp( B¢ ) (1)

¢ pE

where J is the current density (A m™?), E is the applied field
(Vum™1), ¢ is the work function (eV), 8 is the field enhancement
factor, A and B are constants with A = 1.56 x 107 '° (A eV V?)
and B = 6.83 x 10° (V um™* eV /%), respectively. From eqn (1),
it is clear that the two primary parameters determining the
emission characteristics of a particular structure are ¢ and @,
which can be obtained experimentally by plotting In(J/E?) vs.
1/E, the so-called F-N plot. The inset in Fig. 6 shows the F-N plot
of the corresponding field emission data of the TiN(10 nm)/Si-
NPs, which evidently exhibits a nearly straight line. The quasi-
linear behavior of the plot indicates that the field emission
behavior of these heterostructures may have deviated from the
F-N description slightly. It should be noted that the original F-
N theory was derived specifically for flat, metallic surfaces with
work function on the order of 2-5 eV.**> Thus, it might not be as
exact when applied to other materials or to structures with
different morphologies. It is, nevertheless, still an instructive
practice to make some quantitative estimates using the F-N
theory. The field enhancement factor § was calculated from the
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slope of the F-N plot as § = —6.83 x 10° x ¢*?/slope. By
assuming the work function of ¢ = 4.7 eV for TiN,*® a § value of
695 was obtained (inset in Fig. 6). The value is somewhat
smaller than those obtained from ZnO- and Au-coated Si-
NPs,”* presumably due to the blunting and densely packed
morphology of the present one-step plasma etched Si-NPs.
However, the fact is that, by starting with the same Si-NPs,
significant enhancement in field emission properties indeed
can be obtained by TiN-coating. Thus, we believe that suitable
combination of the morphological feature and surface modifi-
cation could result in excellent field emission characteristics in
a controllable manner.

Conclusion

In summary, we have demonstrated the viability of a self-
masking hydrogen-containing dry etching scheme in fabri-
cating well-aligned Si-NPs directly on the Si substrate. The as-
fabricated Si-NPs exhibit drastic reduction in antireflectance
over the wavelength range of 380-1000 nm due to sub-wave-
length scattering and reduced refractive index gradient.
However, similar to the as-polished Si substrate, the reflectance
of the structure displayed a sudden increase in the longer
wavelength region. By introducing a layer of TiN-coating on the
Si-NPs, substantial improvement of antireflectance in the long
wavelength range is observed, which is believed to result from
the drastic change in the refractive index of TiN when the
wavelength exceeds 600 nm. The coating of TiN also results in
suppression of SiO, formation at the surface of Si-NPs and
modification of the effective work function of the TiN/Si-NP
heterostructures, leading to significant improvement in field
emission properties. The present study thus indicates an effi-
cient and effective scheme for obtaining 1D-Si nanostructures
with outstanding perspectives in opto-electrical applications.
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