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Abstract Mesoporous silicon (mesoPSi) layer prepared by

a laser-assisted etching process in HF acid has been

employed as CO2 gas sensors. The surface morphology of

mesoPSi was modified by embedding gold nanoparticles

AuNPs by simple and quick dipping process in different

gold salts concentrations to form mesoPSi/AuNPs hybrid

structures. Morphology of hybrid structures was investi-

gated using scanning electron microscopy (SEM) and

X-ray diffraction (XRD). The electrical characteristics of

the prepared gas sensor were carried out at room temper-

ature. It was found that the nanoparticles size, shape and

the specific surface area of the nanoparticle strongly

influence the current–voltage characteristics. Considerable

improvement was noticed in sensitivity, response and

recovery times of gas sensor with decreasing incorporated

AuNPs into the mesoPSi matrix.

Keywords MesoPSi � SEM � Laser-assisted etching �
AuNPs hybrid structures � Gas sensing

Introduction

Porous silicon gas sensors for continuous monitoring of

CO2 in the air environment are of great importance as a

global issue. The development of inexpensive, stable,

high-sensitivity Psi-based sensor operating at the room

temperature is an important problem (Gabouze et al. 2005;

He et al. 1997; Holzinger et al. 1997; Liu and Weppner

1990; Lee et al. 1995; Kale et al. 1996; Gabouzea et al.

2006). The performance of the Psi gas sensor depends

upon the morphological properties of surfaces, including

pore shape, diameter and uniformity of the porous surface

in addition to the thickness of the porous layer (Martinez

et al. 2008). The modification of Psi layer by incorporation

of nano-structured metal and the metal oxides layer has

been found as an efficient process to improve the gas-

sensing performance (SerdarOzdemira and James 2008;

Ozdemir and Gole 2010). The Psi side of the substrate is

then coated with a thin layer of gold. These devices, which

run at room temperature, are extra sensitive to the applied

voltages in CO2 gas, which show that the conductivity and

also nano-structured Psi have greater response than the

others.

Zouadi et al. have stated the role of hydrocarbon

groups (CHx) thickness layer on detection process of

CHx/Psi/Si structures in the presence of CO2 gas (Zouadi

et al. 2013). The fabrication Psi was presented with nano-

and microstructures as carbon dioxide sensing layers

(Naama et al. 2015). More recently, Naama et al. studied

the performance of silicon nano-wires modification with

gold and platinum nanoparticles as a CO2 gas sensor, and

it is shown that the sensor performance depends power-

fully on the alteration of metal nanoparticle type (Naama

et al. 2015).

In the current research, we report on the fabrication and

characteristics study of (AlmesoPSi/AuNPs n-Si/Al) hybrid

structures as CO2 gas sensors working at room temperature.

The role of incorporation of AuNPs of different sizes and

morphologies in a porous matrix on enhancing the per-

formance of the hybrid sensors has been studied and ana-

lyzed extensively.
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Fabrication and Experimental

Single-crystalline mirror-like n-type silicon wafers of a

resistivity 10 Xcm and (100) orientation were used in this

work. The silicon substrates were cut into square samples

of (2 cm 9 2 cm) area. Prior to the etching process, the

native oxide was removed from the silicon substrate in

10% HF solution. The backside of silicon substrates was

coated with 0.2-lm-thick high-purity aluminum film by a

thermal deposition process. Mesoporous silicon layers

were fabricated by a laser-assisted etching technique using

a mixture containing 40% HF and 99.99% ethanol, 1:1, as

the electrolyte. The silicon substrate and platinum cathode

were kept perpendicular to each other with a distance of

(0.8 cm) between them in a Teflon cell to form homoge-

nous mesoPSi layers. The silicon substrates were etched at

a current density of 18 mA/cm2 for 15 min under 630 nm

laser wavelength and 20 mW/cm2 illumination. After for-

mation, the mesoPSi substrates were rinsed in distilled

water and allowed to dry at ambient air. Gold nanoparticles

(AuNPs/mesoPSi) were deposited on mesoPSi layer

through an ion reduction process of immersing the inter-

face into different aqueous solutions of HAuCl4/HF acid,

sample (S1) with (1 mM/3M) and sample (S2) with

(10 mM/3M) for 5 min at room temperature. The reduction

process of AuNPs by the dangling bonds of the porous

layer is given by the equations (Adawyia et al. 2016; Ismail

et al. 2017):

Si þ 6HF ! H2SiF6 þ 4Hþ þ 4e ð1Þ

Au3þ þ 3e� ! Au ð2Þ

Finally, the resulting AuNPs/mesoPSi hybrid structures

were washed with deionized water and dried with N2

ambient. The front electrical contact over the AuNPs/

mesoPSi layer is carried out by deposition of a thin layer of

aluminum. Figure 1 shows the schematics of AuNPs

embedded in the mesoPSi layer. Morphological

properties of AuNPs and mesoPSi were studied using

scanning electron microscopy (SEM) image (JM-5600)

fortified with an energy-dispersive X-ray analysis device.

The structural characteristics were investigated by means

of XRD-6000, Shimadzu X-ray diffractometer. The hybrid

samples were kept in a small sealed chamber with an inlet

and outlet provision of gases. The pressure of CO2 gas in

the chamber was about 0.5 mbar and 1 mbar. The current–

voltage characteristics were investigated under dark at

room temperature by a fine DC power supply at 8846

flukes 6–1/2 digit precision multimeter. The silicon wall

size and the AuNPs sizes were estimated using special

software program Image J version 8.

Results and discussion

Structural characterization

The XRD pattern of AuNPs deposited on the mesoPSi layer

is given in Fig. 2.

It is obviously seen that the grown-up AuNPs are

polycrystalline in nature and have specific diffraction peaks

at (38.45�) and (44.4�) for sample (S1), while for sample

(S2), the peaks are (38.8�) and (44.8�) that correspond to

(111) and (200) diffraction planes, respectively, belonging

to the AuNPs of F.C.C structure.

The XRD pattern of AuNPs agrees with reported data

(Rallos 1998). The XRD peaks of the sample (S1) are lower

than those of sample (S2) due to the fact that the density of

AuNPs and their nucleation sites increased with HAuCl4
salt concentration.

The average (D) grain sizes of gold particles were cal-

culated from the peak broadening, and it can be obtained

by means of Scherrer’s formula as follows (Alwan and

Hayder 2015):

D ¼ 0:89k=ðb cos hÞ ð3Þ

where k is the wavelength in (nm) of employed radiation, b
(in radians) is the full width at half maximum (FWHM), H
(in radians) is the diffraction angle, and 0.89 is the shape

factor value. The specific surface area (SSA) is one of the

figures of the merit of the material and it is given as (Ben-

Chorin 1994):

SSA ¼ 6000

D � q ð4Þ

where q is the density of gold (19.3 g/cm3).

The AuNPs sizes, full width half maximum (FWHM)

and specific surface area (SSA) are presented in Table 1.

The lower AuNPs size and therefore higher SSA were

attained from the sample (S1) of lower HAuCl4 salt con-

centration due to the fact that the dimmers process is

decreased with a dilution of salt concentration. The surface

morphology of mesoPSi layer before incorporation of

AuNPs is illustrated in Fig. 3; it is clear that the porous

layer seems as a circular pore-like structure with a uniform
Fig. 1 Schematic representation of Al/AuNPs-mesoPSi/n-Si/Al

hybrid structure
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distribution over the surface. The statistical distribution of

the pore sizes ranges from 0.025 to 0.675 lm, and the peak

of the distribution is about 0.125 lm. The porosity was

calculated by gravimetrical method (Ben-Chorin 1994) and

was about 74%; the silicon wall size was estimated to be

about 50 nm.

Figure 4a, b shows the SEM images of AuNPs on the

mesoPSi layer. It is clear that the created AuNPs have dif-

ferent morphologies of various particles sizes and shape. As

shown in Fig. 4, the particles are vastly uniformly distributed

outside the walls of silicon inside the porous matrix. In

Fig. 4b for sample S1at the distribution was varied from 0.1

to 1.5 lm and the peak of the distribution located at 0.1 lm,

while for figure 4b for sample S2 at the distribution was

varied from 0.05 to 1.25 lm and the peak of the distribution

located at 0.05 lm, it can be definitely distinguished that the

particles are highly agglomerated over the porous silicon

surface, so the porous are fully covered by AuNPs. The

average particle size was around 1 lm.

From cross-sectional SEM images, AuNPs are demon-

strated in Fig. 5a, b. From this figure, it is easy to distin-

guish that the AuNPs are positioned inside the individual

pores, and the AuNPs progress follows the aqueous solu-

tions of HAuCl4/HF acid.

Figure 5a shows that AuNPs decorate the inside of the

pores walls. Moreover, Fig. 5b views that the separated gold

nano-aggregates are formed (islands of AuNPs). This can be

due to the increase in the gold ions reduction process.

The EDX spectra of AuNPs deposited on mesoPSi are

presented in Fig. 6a, b, this figure confirms the growth of

AuNPs and the presence of Si and O elements, and no other

elements were found. The intensity of AuNPs peak in

Fig. 2 XRD pattern of AuNPs formed by dipping mesoPSi in a sample (S1), b sample (S2)

Fig. 3 SEM images of as-formed mesoPSi. Inset is the statistical

distribution of pores sizes

Table 1 Grain size, FWHM and specific surface area (SSA) of AuNPs

Sample Plane (111) Plane (200)

FWHM (rad) Size of AuNPs (nm) SSA of AuNPs (m2/g) FWHM (rad) Size of AuNPs (nm) SSA of AuNPs (m2/g)

S2 0.01 14 23.5 0.018 8.1 38.1

S1 0.038 5 66.1 0.023 6.7 46.7
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sample S2 is higher than that of sample S1, indicating that

the AuNPs in sample S1 deposited at a low rate compared

to sample S2.

Electrical characterization

The effects of incorporation of AuNPs on the porous matrix

on the current–voltage (I–V) characterization of Al/AuNPs/

mesoPSi/Al at room temperatures are demonstrated in

Fig. 7b, c, while Fig. 7a illustrates the characterization of a

mesoPSi layer ofAl/mesoPSi/Al structure before embedding

of AuNPs. It can be noted for as-formed mesoPSi, the I–V

characteristic exhibits an ohmic contact behavior.

The deposition of resulted AuNPs improved the rectifi-

cation properties with increasing the forward current with

applied voltage due to the presence of Schottky structure

Fig. 4 SEM images of AuNPs.

Inset is magnified SEM images

of AuNPS. a Sample S1,

b sample S2

Fig. 5 Cross-sectional SEM

images of AuNPs deposited on

mesoPSi. a Sample S1, b sample

S2

Fig. 6 EDX spectra of AuNPs embedded in the porous matrix. a Sample S1, b sample S2
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and decreasing the resistivity of the porous layer (Sadr

et al. 2013).

As shown in Fig. 7, the adsorption of the CO2 gas

molecule has a significant effect on the I–V characteristics

of Al/mesoPSi/n-Si/Al and Al/AuNPs/mesoPSi/n-Si/Al

structures. The incorporation of AuNPs of sample S1 cau-

ses increase in forwarding current with increasing CO2 gas

concentration in the chamber compared with sample S2 in

which the adsorption of gas molecules leads to decrease in

the forward current. There are several approaches to

explain the increasing current in the presence of CO2 gas.

For activation of the charge carriers trapping due to

adsorbate interaction with porous silicon dangling bond,

Si–H states lead to enhancement of the conductance vari-

ations due to the trapping or release of the carriers (Sadr

et al. 2013). This variation is connected to the desorption of

the CO2 molecule on the porous silicon layer owing to the

van der Waals interaction. The CO2 desorption will lead to

change in the dielectric constant of the porous layer. The

dependence of the dielectric erPsi on the porosity of the

porous layer and the embedding medium (erpore) is given by
Eq. (5) (Canham 1997).

2r PSi¼ ð1� P%Þ 21=3
r Si þ P% 21=3

r pore ð5Þ

where P % is the porosity of the porous layer and the er pore
is the dielectric constant of the embedding medium (CO2

molecule). Furthermore, the AuNPs deposited on the walls

of the silicon in the porous matrix act as an additional

source to improve the surface area and hence enhance the

gas adsorption rate (Zhang and Chu 2014), while the

embedded gold nanoparticle inside the pores itself will

damp the activity of the pores, so the current will decrease.

Fig. 7 Forward current–voltage characteristics of a as-formed mesoPSi and AuNPs modified structures, b sample S1, c sample S2
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The relative response of the current of the (S) was

calculated using the following relation:

S ¼ Ig � Iv

Iv

�
�
�
�

�
�
�
�

ð6Þ

where Ig and Iv represent the current in the presence and

absence of CO2 gas, respectively. The response–voltage

characteristics of the samples permit defining the applied

voltage range corresponding to the optimum response.

Figure 8a–c shows the response–voltage characteristics of

Al/mesoPSi/n-Si/Al and Al/AuNPs/mesoPSi/n-Si/Al

structures under two concentrations of CO2 gas at room

temperature. As shown in Fig. 8a–c, the relative response

of the structures grows with concentrations of gas mole-

cules. The maximum response was obtained for a sensor of

smallest AuNPs sample (S1) compared with the other

sensors fully covered by largest AuNPs sample S2. The

high sensitivity is observed at a bias voltage of about 2.5 V

for sample S1 compared to 5 and 0.35 V for as-formed

mesoPSi sample and mesoPSi embedding with largest sizes

of AuNPs sample S2, respectively. This can be ascribed to

the presence of Schottky structure; the forward current is

intensively controlled by the change in barrier height,

which formed between the AuNPs layer of sample S2 and

the mesoPSi at low bias voltage and organized by specific

surface area of both of AuNPs and a mesoPSi layer of

sample S1.
The temporal response characteristics of the samples

were measured for two concentrations at room tempera-

ture; Fig. 9 displays the transient response of Al/mesoPSi/

n-Si/Al and Al/AuNPs/mesoPSi/n-Si/Al structures under

two concentrations of CO2 (0.5 and 1 mbar) at the own best

biasing voltage. This figure also illustrates that the response

increases with the concentration of the gas for all samples.

Table 2 demonstrates the values of the temporal response

for all samples. It can be distinguished that they are lower

for AuNPs modified structures sample S1 compared with

the other samples. The considerable short time of response

Fig. 8 Response–voltage characteristics of a as-formed mesoPSi and AuNPs modified structures, b sample S1, c sample S2
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and recovery of sample S1 may be due to the high rate of

CO2 gas adsorption and desorption, respectively.

Conclusion

In this work, mesoPSi/AuNPs-psi hybrid CO2 gas sensor

structures were fabricated in sandwich structure configu-

ration Al/AuNPs/mesoPSi/n-Si/Al. Surface modification

process, after mesoPSi which was prepared by a laser-as-

sisted etching process, was carried out by incorporating

different sizes and morphologies of AuNPs. The simple

immersion process of mesoPSi in different HAuCl4/HF

solution concentrations was employed to synthesize

AuNPs. It has been observed that the sensor response

depends powerfully on the morphology and the Au

nanoparticle sizes. Maximum sensitivity with the minimum

response and recovery times was obtained with smallest Au

nanoparticle sizes deposited at the walls of silicon rather

than inside the pores itself.
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