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Abstract We have fabricated highly ordered, vertically

aligned, high aspect ratio silicon nanopillars (SiNPLs) of

diameter *80 nm by combining metal-assisted chemical

etching and nanosphere lithography. The evolution of

surface morphology of porous silicon nanopillars has been

explained, and the presence of mesoporous structures was

detected on the top of silicon nanopillars using field

emission scanning electron microscopy. The mesoporosity

of the SiNPLs is confirmed by Brunauer–Emmett–Teller

measurements. The peak shift and the splitting of optical

phonon modes into LO and TO modes in the micro-Raman

spectra of mesoporous SiNPLs manifest the presence of

2–3 nm porous Si nanocrystallites (P-SiNCs) on the top of

SiNPLs and the size of crystallites was calculated using

bond polarizability model for spherical phonon confine-

ment. The origin of red luminescence is explained using

quantum confinement (QC) and QC luminescent center

models for the P-SiNCs, which is correlated with the

micro-Raman spectra. Finally, we confirmed the origin of

the red luminescence is from the P-SiNCs formed on sur-

face of SiNPLs, highly desired for LED devices by suitably

tailoring the substrate.

1 Introduction

Silicon nanostructures, including nanowires and nanopil-

lars, are one of the most promising materials for appli-

cations in nanoscale electronics [1, 2], photovoltaics and

energy conversion [3–5], energy storage [6], optoelec-

tronics [7, 8], nanocapacitor arrays [9], biosensors

[10, 11], to name a few. Several studies on silicon

nanostructures have been well documented over the last

decade [12]. Among the various nanostructures, silicon

nanopillars (SiNPLs) have received a lot of attention

because of their unique physical, chemical and optical

properties [13]. It has been established that SiNPLs have

several advantages over the other nanostructures such as

strong carrier confinement [14], possibility of tuning of

band gap ranging from 0.9 to 4 eV [15], enhanced light

trapping and absorption [16], efficient carrier transport

[17] and their ability to use the surface for further design

parameters [18].

The important challenges in the fabrication of nanopillars

are the precise control of the diameter, length, packing den-

sity, orientation and uniformity. Silicon nanowires/nanopil-

lars have been fabricated by various methods such as vapor–

liquid–solid growth [19, 20], chemical vapor deposition

[21, 22], electrochemical etching [23], metal-assisted chemi-

cal etching [12, 24] and dry etching methods such as reactive

ion etching and inductive coupled plasma process [25, 26]. It

is worth pointing out that low-cost and room-temperature

methods are desired for wafer scale fabrication, since the

reports onnovel strategies of various devices basedonSiNPLs

are increasing day by day. Among these fabrication methods,

metal-assisted chemical etching is a facile and low-cost

method for fabricating various Si nanostructures with the

ability to control various parameters such as diameter, length,

orientation, cross-sectional shape and packing density
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[27–31]. Inmetal-assisted etching, thewhole process occurs at

room temperature which avoids the metal diffusion.

Metal-assisted etching in combination with various film

patterning techniques has been demonstrated successfully to

fabricate SiNPLs with features ranging from several microns

to sub 10 nm [32]. In order to get the nanoporous metal film

prior to metal-assisted etching, high-cost lithographic tech-

niques such as interference lithography [12] and deep

ultraviolet lithography [33] are required. Currently, other

complex lithographic techniques have been completely

superseded by the nanosphere lithography due to its low-cost

and easy assembling. The combined procedure of metal-

assisted etching and nanosphere lithography [24, 34–36] is

drawing a great deal of interest on account of their ability to

fabricate large area aligned Si nanostructures. Polystyrene

(PS) nanosphere templates have been used for the semi-

conductor etching process which controls the diameter and

the separation of the SiNPLs.

In this work, we present vertical, high aspect ratio

mesoporous SiNPLs of diameters 80 nm, using a facile,

room-temperature fabrication technique with controlled

length, diameter and interpillar separation. The evolution

of porous structures on the top of SiNPLs is discussed in

detail, which is confirmed using field emission scanning

electron microscopy (FESEM) and Brunauer–Emmett–

Teller (BET) measurements. The role of H2O2 in the for-

mation of porous structure on SiNPLs has been studied

using FESEM. The size of the porous Si nanocrystallites

was calculated using bond polarizability model for spher-

ical confinement from the Raman spectra. An efficient red

emission could be seen for the mesoporous SiNPLs due to

the presence of porous Si nanocrystals of size 2–3 nm. The

red luminescence is explained using quantum confinement

(QC) and quantum confinement luminescent center

(QCLC) models for SiNPLs and successfully correlated

with Raman spectra. Finally, we conclude that the red

emission in our SiNPLs is not due to the QCLC effect but

due to the quantum confinement (QC) property of the

P-SiNCs.

2 Experimental details

2.1 Fabrication of silicon nanopillars

The schematic diagram of the entire fabrication process of

silicon nanopillars (SiNPLs) is shown in Fig. 1. Silicon

wafer with (100) orientation was cut into 1 9 1 cm2 pie-

ces, ultrasonicated with acetone and isopropyl alcohol

(IPA) for 15 min each to remove the organic contamina-

tions. To make the wafer hydrophilic in nature, Si wafers

have been heated in boiling piranha solution (4:1 (v/v)

H2SO4: H2O2) at 80 �C for 1 h followed by RCA solution

(1:1:5 (v/v/v) NH4OH: H2O2: H2O) for 1 h. Wafers were

rinsed with DI water, dried with N2 and then heated at

150 �C to remove the water content. Monolayer of PS

nanosphere was obtained by spin coating technique. PS

spheres of diameter 90 nm, as 10 % by weight in solution,

were used in this fabrication process. The PS nanospheres

were diluted in ethanol by volume ratio 1:1, and a volume

of 20 lL was dropped on the Si substrates placed on a spin

coater. Spin coating of PS nanosphere has been conducted

in three steps: (1) 200 rpm for 20 s, (2) 1000 rpm for 20 s

and (3) 8000 rpm for 60 s. The first step was applied to

spread the PS nanospheres on Si surface. The second step

was utilized to spin away the excess PS solution and the

third step with higher rotation speed was used to get a

uniform monolayer of PS nanospheres on the silicon sur-

face. The PS nanospheres were self-assembled in hexago-

nal close packed structure on the silicon surface. O2 plasma

etching has been performed in reactive unbalanced mag-

netron sputtering system to control the size of PS nano-

spheres. The diameter and the interparticle distance were

tailored by varying the O2 plasma etching time from 1 to

4 min with constant O2 flow rate of 12 sccm, DC bias of

-500 V and pressure of 2.8 Pa. Gold thin film of thickness

10 nm was deposited on the O2 plasma etched PS nano-

spheres by sputtering. After gold deposition, the PS

nanospheres were removed by ultrasonication in CH2Cl2
for 30 min. This step can be performed after etching also.

When the etching time is more, the PS surface becomes

rough and the gold will be coated on the PS nanospheres.

Then it is difficult to dissolve the PS nanospheres in

CH2Cl2. Therefore, after gold thin film deposition, metal-

assisted chemical etching can be performed to avoid this

problem (shown in Fig. 1). Si substrate with porous gold

film was immersed in an etching solution containing HF,

H2O2 and ethanol at room temperature. The etching solu-

tion was prepared by HF (40 %), H2O2 (30 %) and ethanol

with volume ratio 3:1:1, respectively. The etching process

was observed by the bubble formation and the change in

color. Finally, the samples were rinsed with DI water

several times and the gold film was removed in aqua regia

(3:1 (v/v) HCl: HNO3). Subsequently, the samples were

cleaned in DI water and IPA.

2.2 Characterization

The morphology of each step of fabrication was system-

atically studied by field emission scanning electron

microscopy (FESEM, Carl Zeiss). Micro-Raman spec-

troscopy measurements were carried out using a DILOR-

JOBIN-YVON-SPEX integrated Raman spectrometer

(Model Labram) with He–Ne 20 mW laser beam as the

excitation source. Photoluminescence studies were carried

out using spectrofluorometer (Jobin Yvon, Fluorolog—
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FL311) with 360 nm as the excitation source. The presence

of SiO2 along with the silicon nanopillars is detected by

X-ray photoelectron spectroscopy (XPS-SPECS), using

non-monochromatic AlKa radiation (1486.8 eV). The

binding energies reported here were calculated with refer-

ence to C 1s peak at 284.6 eV with a precision of 0.1 eV.

3 Results and discussion

3.1 The mechanism and the evolution of surface

morphology of Si nanopillars

The surface morphology of each step of fabrication was

systematically studied using FESEM and is shown in

Fig. 2. Figure 2a–d represents the images for PS

nanosphere lithography, and Fig. 2e, f shows the top and

20� tilted views of the SiNPLs. The arrangement of SiNPLs

in hcp structure is clearly visible in Fig. 2e. The FESEM

images of PS nanospheres after O2 plasma etching are

shown in Fig. 3. The reduction in size of PS nanospheres

due to O2 was 8 nm/min. The variations in diameter of PS

nanospheres and interparticle distance with O2 plasma

etching time are plotted in the inset of Fig. 3. It must be

noted that the SiNPLs are individual free standing pillars.

The upper part of the SiNPLs can be bundled together for

very high aspect ratio pillars. It may be due to the surface

tension force exerted on the nanopillars during drying

process. The evolution of the surface morphology of the

SiNPLs originates from the mechanism of metal-assisted

chemical etching. The nanopillars fabricated by metal-as-

sisted chemical etching obviously have a large surface-to-

PS Monolayer 
On Si

O2 plasma etched
PS spheres

Gold deposited Metal assisted etched Si Gold removed

PS Removed

PS Removed

OR

Metal assisted etched Si Gold removed

Fig. 1 Schematic diagram for the fabrication of silicon nanopillars

100 nm 300 nm
(c)

400 nm

(f)
100 nm 800 nm200 nm

(e)

(a)

(d)

(b)

Fig. 2 FESEM images for PS nanosphere lithography a monolayer of

PS nanospheres on Si substrate. b PS nanosphere separated using O2

plasma etching. c Gold thin film deposited on separated PS

nanospheres. d Nanoporous gold template on Si by the after removal

of PS nanospheres. e Top view of SiNPLs and f 20� tilted view of

SiNPLs
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volume ratio when compared to the bulk. The aspect ratio

of the SiNPLs is essentially determined by the etching time

as the diameter SiNPLs was constant for all the experi-

ments. Hence, we have performed metal-assisted chemical

etching with different durations varying from 5 to 20 min

and the corresponding cross-sectional FESEM images are

shown in Fig. 4. The variation in pillar height with etching

time is plotted in inset of Fig. 4, and the height of the

pillars varies linearly with the etching time. The etching

rate of the SiNPLs depends on the catalyst film morphol-

ogy, uniformity and the etchant concentration [37]. The

average etching rate observed in our SiNPLs is *1.15 lm/

min. The nanopillars formed by metal-assisted chemical

etching can have rough or smooth surfaces depending on

the catalyst used for etching. Generally, Ag catalyst pro-

duces very rough surfaces due to the secondary etching

caused by the diffused Ag layer on the surface of

nanopillars. However, on the contrary, Au catalysts are

found to be stable against the secondary etching on the

nanopillar sidewall to an extent [38].

In the wet chemical fabrication procedure with the

presence of Au and H2O2, oxygen centers could be formed

at the dangling surface Si bonds to form SiOx [39, 40].

Upon attachment of noble metal film to the Si substrate, the

reduction of H2O2 injects holes at the metal surface [40].

The process is analogous to the conventional electro-

chemical method with noble metal as a microscopic cath-

ode and Si as anode. The schematic diagram for the

mechanism of metal-assisted chemical etching is shown in

Fig. 5a. At the cathode, H2O2 from the etching solution

gets reduced with the liberation of holes. The protons are

reduced to hydrogen in another cathodic reaction [40].

H2O2 þ 2Hþ ! 2H2Oþ 2hþ E0 ¼ 1:77V

2Hþ ! H2 þ 2hþ E0 ¼ 0V

The electrochemical potential of H2O2 is much higher than

the valence band energy of Si, thus causing injection of

holes into Si. The bubble formation observed during the

etching process is probably due to the liberation of

hydrogen. Considering the various possible reactions at the

anode, the most possible reaction in our case is the for-

mation of SiO2 accompanied by the dissolution of oxides

[41].

Siþ 2H2O ! SiO2 þ 4Hþ þ 4e�

SiO2 þ 6HF ! H2SiF6 þ 2H2O

Now, we extend our observation to the surface of the

individual SiNPLs. The cross-sectional FESEM images for

the SiNPLs are shown in Fig. 5b–d. Figure 5d shows that

the top portion of the SiNPLs contains highly porous

structure, which is believed to be mesoporous structures.

On the other hand, the bottom region of the SiNPLs is

fairly smooth. The pores at the top region of the SiNPLs

originate from the Au-coated PS nanosphere at the top of

the nanopillars, which had not been removed. The

100 nm
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Fig. 3 FESEM image of PS nanospheres on Si with different O2 plasma etching time a 1 min 30 s b 2 c 3 d 4 min
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remaining Au at the tip acts as cathode that catalyzes the

reduction of H2O2. Then the generated holes diffuse to the

top of the nanowires and induce the anode reaction. This

must be the reason to observe high porosity at the tip of

SiNPLs than the center or the bottom of the SiNPLs. At the

same time, the porosity of the other regions of the SiNPLs,

600 nm 3 µm

8 µm8 µm

(a) (b)

(c) (d)
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Fig. 4 Cross section of Si nanopillars with different etching times a 2 b 5 c 10 and d 15 min

. Gold foil
hole

Si

400 nm600 nm800 nm

(c)(b) (d)

(a)

Fig. 5 a Schematic diagram showing the mechanism of metal-

assisted chemical etching and the formation of P-SiNCs in SiNPLs.

b–d The FESEM cross-sectional images for the SiNPLs. c The bottom

region of the SiNPLs d Top portion of the SiNPLs. The red circle area

shows the nanoporous microstructure at the tip of SiNPLs
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i.e., at the bottom and the middle portion of the Si

nanopillars can be due to the lateral sidewall injection of

the holes, generated by the reduction of H2O2 at the cath-

ode, from the etching front to the sidewall of the SiNPLs

[41]. So, there is an evolution of silicon nanocrystals, i.e.,

the exposed regions between two nanoporous structures.

Hereafter, we call these silicon nanocrystals on the SiNPLs

as porous silicon nanocrystals (P-SiNCs). The porosity of

the SiNPLs can be tuned by varying the etchant concen-

tration. In order to control the surface roughness and the

porosity of the SiNPLs, we have used an etching solution

of HF/H2O2 in the ratio 3:1. In order to check the depen-

dence of H2O2 on the porosity of the SiNPLs, the SiNPLs

were fabricated with different concentrations of H2O2

varying from 4 to 7 ml, as shown in Fig. 6. It could be seen

from the FESEM images that the porosity of the SiNPLs

increases with increase in concentration of H2O2. The

number density of the holes increases with the increase in

H2O2 concentration, causing the high porosity on the

SiNPLs as mentioned before. Solid SiNPLs can be formed

by reducing amount of H2O2 which limits the applications

of SiNPLs in luminescent devices due to the absence of

porous structure [39].

The porous structure on the SiNPLs can be microporous

(\2 nm), mesoporous (\50 nm) or macroporous

(\100 nm). In order to find the pore distribution associated

with the SiNPLs, we have performed BET gas adsorption

analysis.

3.1.1 BET gas sorption analysis

The BET gas sorption experiments were performed to

investigate the porosity of the SiNPLs formed by metal-

assisted chemical etching. The nitrogen adsorption and

desorption isotherms of the porous SiNPLs performed at

77 K are plotted in Fig. 7a. Figure 7a exhibits Type IV

classification of isotherms with a small hysteresis between

adsorption and desorption isotherms [42]. The hysteresis

loop associated with the SiNPLs indicates the capillary

condensation in porous structures on the SiNPLs. The

hysteresis loop can be considered as H3 type by IUPAC

classification of hysteresis [42]. According to this classifi-

cation, the SiNPLs consist of random pores with slit or

wedge shaped structures. The pore distribution analysis

carried out by non-localized density functional theory

(NLDFT) is shown in Fig. 7b. According to this method,

the majority of the pore diameters are in the range of

3–15 nm and the most probable pore diameters are 4.4 and

7.1 nm, as shown in Fig. 7b. The pore distribution his-

togram obtained from the NLDFT analysis is shown in

Fig. 7c. The DFT–Monte Carlo cumulative pore volume

plot also is shown in Fig. 7d. Figure 7d shows that the pore

diameter starts from *3 nm and reaches maximum

cumulative pore volume at *15 nm. The desorption

branch of the isotherm was taken for the NLDFT analysis

as well as BJH analysis. The cumulative surface area, pore

volume and pore width obtained by BJH method are

31.29 m2/g, 0.042 c/g and 3.61 nm, respectively.

400 nm 200 nm

200 nm 200 nm

(b)(a)

(c) (d)

Fig. 6 FESEM images of SiNPLs formed with different H2O2 concentrations a 4 b 5 c 6 d 7 ml of H2O2
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The mesoporous SiNPLs have additional advantages

over the solid silicon nanopillars due to the presence of the

mesoporous structures and the P-SiNCs. The porous

structures can be employed in electroluminescent devices

such as light-emitting diodes and injection lasers [43]. The

photoluminescence study of the mesoporous SiNPLs is of

great importance since it leads to application in silicon-

based optoelectronics. The photoluminescence spectra of

mesoporous SiNPLs, their origin and correlation with the

micro-Raman spectra, role of porous nanocrystallites in

quantum confinement, etc. are discussed in Sect. 3.2.

3.2 Correlation of Raman spectra

and photoluminescence of mesoporous SiNPLs

In order to find the size of porous SiNCs and the quantum

confinement property of mesoporous SiNPLs, micro-Ra-

man spectra were recorded. The laser beam is illuminated

parallel to the axis of the SiNPLs, and then, the laser is

pointed to the tip of the SiNPLs. The variation in Raman

intensity with etching time is plotted in Fig. 8a. The Raman

intensity of the SiNPLs increases with the etching time.

The Raman peak for the crystalline silicon is located at

521 cm-1. The Raman spectrum for the sample (i.e.,

etched for 12 min) can be fitted by using two Lorentzians

as shown in inset of Fig. 8a. The peak position of the

etched silicon is shifted to 518 cm-1 with an additional

shoulder peak at 504 cm-1. The optical phonons of the

bare crystalline silicon occur at with a phonon momentum

q = 0 for Raman process. For the etched silicon due to

phonon confinement q[ 0, the optical phonon mode splits

into LO and TO modes [44]. The peaks observed at 518

and 504 cm-1 correspond to LO and TO phonons,

respectively. The finite particle size d corresponds to a

momentum of q ¼ � 2p
d
, which determines the position of

Raman peak in the spectra. The Raman frequency shift is

given by [44]

Dx ¼ xðLÞ � x0;

where x(L) is the Raman frequency of the etched Si with

crystallite size L and x0 is the Raman frequency of bare

crystalline Si at C point. The Raman frequency shift can be

obtained by using the analytic form of bond polarizability

model for spherical confinement [44]

Dx ¼ �A a=L
� �c

;

where Dx is Raman frequency shift observed between bare

Si and etched Si, A = 47.41 and c = 1.44 for spherical

confinement of the optical phonons. By using this analytic

model the average crystallites size in our SiNPLs is of

2–3 nm. The shift in Raman peak and splitting into LO and

TO modes provide strong evidence for the existence of

2–3 nm-sized crystallites (shown in Fig. 8b). The spherical

confinement of optical phonons and the splitting into LO
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and TO is attributed due to the presence of P-SiNC on the

top of SiNPLs. The evolution of P-SiNC in the SiNPLs was

discussed earlier. Hence, the splitting of LO and TO pho-

non modes clearly confirms the quantum confinement

property of 2–3 nm P-SiNC in SiNPLs, which in turn

corroborated with the origin of red luminescence.

The photoluminescence spectra of SiNPLs are shown

in Fig. 8c. There is a clear red emission at 647 nm

(1.91 eV) with a shoulder peak at 655 nm. The intensity

of the peaks increases with the etching time. The origin of

the red luminescence could be either due to the recom-

bination of the electron–hole pairs between the quantum-

confined electronic levels of the P-SiNC or due to the

luminescent defect states at the interface region between

the Si nanocrystals and SiO2 [45]. The red emission from

our SiNPLs is predominantly due to the quantum con-

finement property (QC model) of the P-SiNC of size

2–3 nm. Meanwhile, the emission at 655 nm could be due

to the excitonic transition in the Si nanocrystals [46].

Another explanation is possible for the red emission using

quantum confinement luminescence center model (QCLC)

[47]. The presence of residual SiO2, which is not being

removed by the action of HF during etching, is detected

by using XPS. Si 2p XPS spectrum of SiNPLs is shown in

inset of Fig. 8c. The characteristic peak of Si–Si bond is

centered at a binding energy of 99 eV and SiO2 peak is

centered at 103 eV [48]. Huang et al. [12] have reported

the thickness variation of the SiO2 on SiNPLs fabricated

by nanosphere lithography and metal-assisted chemical

etching with HRTEM observations. They have reported

that thickness of SiO2 at the tip of the SiNPLs is less than

8 nm and at the bottom region it is less than 2 nm. So, in

our case the P-SiNC could be partially wrapped up with a

few nanometer thickness SiO2 and it acts like a well-

separated Si/SiO2 quantum dots and the P-SiNC/SiO2

system is schematically represented in Fig. 8b. According

to this model, after excitation the carrier can tunnel

through the barrier made by SiO2 and the emission hap-

pens through any defect states present in the amorphous

SiO2. Since we are getting red emission at 647 nm, the

defect state in SiO2 should present at 1.91 eV. Hence, the

photo excitation occurs in the P-SiNC and the photoe-

mission takes place in the luminescent center in SiO2

close to Si nanocrystallites [45].
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The porous Si nanopillars are highly applicable to LED

devices, only if the red emission is from the P-SiNC. In

order to find the exact origin of red luminescence, the

photoluminescence spectra of SiNPLs were taken after

dipping in HF solution. The PL spectra of SiNPLs after HF

dip are shown in Fig. 8d. The spectra also show a clear red

emission at 636 nm with a shoulder peak at 645 nm. The

corresponding band gap of the P-SiNC is 1.94 eV. The red

emission of the SiNPLs after HF dip must be from the

P-SiNCs, since the SiO2 native oxide layer is removed by

HF. The shift in the PL spectra after HF dip is due to the

direct red emission in the P-SiNC (shown in schematic

Fig. 8b) by the removal of all the luminescent states pre-

sent in the amorphous SiO2 [49]. The decrease in PL

intensity before and after HF dip is possibly due to the

contribution of SiO2-related luminescence. Therefore, we

confirmed that the P-SiNCs, evolved during the metal-as-

sisted chemical etching due to the lateral injection of holes,

are responsible for the phonon confinement and red pho-

toluminescence. The findings indicate that LED devices

can be made in a facile and cost effective method using our

mesoporous SiNPLs.

4 Conclusion

We have successfully fabricated vertical SiNPLs of

diameter *80 nm by combining metal-assisted chemical

etching and nanosphere lithography. The surface mor-

phology and evolution mechanism of P-SiNC on top of

SiNPLs were discussed in detail. We have detected the

presence of P-SiNCs on the SiNPLs using FESEM

studies and the porosity variation with H2O2 concentra-

tion is also examined. The characteristic size of the

crystallites was calculated from the micro-Raman spec-

tra using bond polarizability model for spherical con-

finement. The origin of the red luminescence could be

either due to the recombination of electron–hole pairs

between the quantum-confined electronic levels of the P-

SiNC (QC model) or due to the luminescent defect states

at the interface region between the Si nanocrystals and

SiO2 (QCLC model). We have successfully correlated

photoluminescence and the Raman spectra observed for

mesoporous SiNPLs. Finally, we confirmed the red

emission is from the P-SiNCs, which is highly preferable

for LED devices.
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