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Abstract

This work investigates the effect of the Palladium nanoparticles (PdNPs) on the character-
istics and pH sensitivity of an interdigitated electrode extended-gate field-effect transistor
(pH-IEGFET) sensors based on the bare n-type macro porous Si (n-macro PSi) layer. The
synthesized bare porous layer was fabricated by photo electrochemical etching process of
n-type (100) using short-wavelength 410 nm and intensive laser power density 80 mW/
cm?. The surface morphology of n-macro PSi was modified by inserting PANPs to form
PdNPs/n-macro PSi hetero structure layers via simple and fast immersing process in PdCl,
solution for about 14 min and 20 min by the ion reduction process. The fabricated sensors
have been verified in the range of pH from 3 to 11 at the ambient temperature. Specific
features of n-macro PSi and hybrid structure were investigated using a scanning electron
microscope, energy dispersive x-ray spectroscopy (EDX) analysis and x-ray diffraction. It
was found that the morphology and the size of the deposited PANPs intensely influence
on the PANPs/ n-macro PSi hetero structure pH-IEGFET sensor. The efficient pH sensing
process was obtained for n-macro PSi pH sensor with the lowest size of PANPs deposited
on the external walls of the n-macro PSi pores. Significant enhancement of sensitivity of
about 42.89 mV/pH and linearity of 0.9948 was achieved, compared with the bare n-macro
PSi pH sensor having a sensitivity of 25.12 mV/pH and linearity of 0.9392. This sensi-
tivity enhancement is due to the additional specific surface area of PANPs which causes
improved it.

Keywords Palladium nanoparticles - n-type macro porous silicon - pH - pH-IEGFET
sensors

P< - Alwan M. Alwan
alkrzsm @yahoo.com

Department of Applied Sciences, University of Technology, Baghdad, Iraq

Department of Science, College of Basic Education, Mustansiriyah University, Baghdad, Iraq

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-020-02346-0&domain=pdf

227 Page2of13 A.M. Alwan et al.

1 Introduction

Porous silicon (PSi) is well-thought-out as a very effective material in the chemical sensor
because of its exclusive properties, which depend on the large surface area (Alwan et al.
2018a; Pacholski 2013). Modification in the morphology of PSi can be attained via the
change of etching conditions through a number of factors, such as current density, etching
time, and illumination conditions (Alwan et al. 2018b; Jabbar, Alwan 2019). The activ-
ity of the PSi as a chemical sensor is influenced by the surface morphological features,
comprising pore forms, homogeneity, and the dimension of the PSi, moreover, the depth
of the porous layer (Mehdi, Alwan 2019; Dheyab et al. 2019). In specific, pH sensor is
unique to the supreme sensors owing to the significance of pH measurement for biochemi-
cal and industrial applications (Harraz 2014; Yuqing et al. 2005). PSi layer can be used
as a sensitive element for determining the pH level of buffer solution based on the varia-
tion of photoluminescence properties (Al-Hardan et al. 2016a; Benilov et al. 2007).Vari-
ations of the pH level lead to the regular variations of photoluminescence intensity, the
high photoluminescence intensity corresponds to a lower pH level, whereas the low pho-
toluminescence intensity corresponds to a higher pH level (Benilov et al. 2007). Bare PSi
as a reference-less semiconductor sensing layer for pH sensing within several categories
of field-effect transistor (FET) and ion-sensitive field-effect transistor (ISFET) (Bergveld
1970) has been investigated. PSi has formerly been used for sensing of pH in different
platforms. Benilov et al. (Benilov et al. 2007) studied the radiative lifetime of the bare and
modified PSi in liquid solutions with different pH, and it was shown that the photolumines-
cence (PL) intensity and the decay lifetime of modified PSi strongly depend on the value of
pH. (Zehfroosh et al. 2010) composed the PSi with the gate region of ISFET, the obtained
sensitivities for both types are higher than the Nernst theoretical limit of about 59.2 mV/
pH. Naif H. (Al-Hardan et al. 2016b) prepared and tested PSi as an extended gate field-
effect transistor (EGFET) for sensing of pH, and it was found that it has a sensitivity value
of 66 mV/pH. Ahmed et al. (Ahmed et al. 2017) used (111) PSi as the basis of an EGFET
pH sensor and obtained that pH is detectable with a pH sensitivity of 56.13 mV/pH. Zeng
et al. (Zeng et al. 2018) showed that the sensitivity and linearity of pH for IEGFET are
22.4 mV/pH and 0.928, correspondingly. Nasser et al. (Nasser 2018a, b) reported on the
PSi IEGFET pH sensor. They studied the effect of the crystalline orientation of P-type PSi
(p-type < 100> and p-type<111>) and of n-type PSi (n-type < 100> and n-type<111>)
on the IEGFET pH sensor performance in the range of pH from 3 to 11 at the ambient
temperature. It was found that the performance improvement of the PSi at the crystalline
orientation of < 100 > for both types of PSi sensors is higher than that at the crystalline ori-
entation of < 111>, owing to the high surface area to volume ratio.

The modification of bare PSi within the chemical and biological devices via incor-
poration of metallic nanoparticles has been found as an efficient method to increase the
activity of porous layer (Wali et al. 2019a; Alwan,Dheyab 2017; Wali et al. 2019b). The
PSi surface is usually terminated by hydrogen (Alwan,Abdulrazaq 2008). The existence
of Si—H, x — 1 3) bonds on the PSi surface is proficient of formation metallic nanoparti-
cles deposited over the PSi through the reduction process of metallic ions (Alwan et al.
2017). It is recognized that palladium freely absorbs efficiently the hydrogen molecules
at room temperature (Das et al. 2014). Based on this exclusive feature of palladium,
the palladium nanoparticles (PdNPs) layer as a sensitive element in the IEGFET struc-
tures within the bare PSi pH sensor represents an important case for developing the per-
formance of the sensors. In the current research, n-type PSi layer-based interdigitated

@ Springer



A new approach of pH-IEGFET sensor based on the surface... Page3of13 227

electrode extended-gate field-effect transistor (IEGFET) structure has been studied by
a surface modification process through the incorporation of PANPs with different mor-
phologies and particle sizes via a simple and well-controlled method for pH detecting.
The sensor performances have been studied and analyzed widely.

2 Fabrication and experimental
2.1 Formation of bare n-macro PSi

Bare n-macro PSi sample was fabricated via photo electrochemical etching process
(PECEP) using a short wavelength of 410 nm and an intensive laser power density of
80 mW/cm?. n-type Si substrate of (100) crystalline orientation and 20 Q.cm resistivity
was used in the etching process .The silicon substrate was cut into pieces with a dimen-
sion of (2 cm X 2 ¢cm) and then etched in 20% concentration; (1:1) electrolyte solution
(HF 40%: C,HsOH 98.98%) at a current density of 18 mA/cm? for 15 min etching time
at the room temperature. Bare n-macro PSi samples were then reserved in methanol to
evade the growth of the native oxide SiO, layer. Fig. 1 shows the PECEP etching setup
used in this work.

Fig. 1 Shows the PECEP etching
setup
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2.2 Modification of bare n-macro PSi samples with PANPs and Electrode

PdCl, salt having 98% purity was dissolved in the deionized water to prepare PdCl, aque-
ous solution at a concentration of 10~ M. The suitable PdCl, solution concentrations were
precisely using the formula (Alwan et al. 2017):

Molarity = (W/M - wt)/V (1

W (g) and M.wt (g/mol) are the weight and molecular weight of PdCl, salt, respectively. V
(liter) is the volume of the dissolved solution. 0.2 M HF and little drops of HC1 (37wt %)
were added to the 10 M PdCl, aqueous solution at 55 °C with magnetic stirring for 25
min. Then, bare n-macro PSi samples were immersed in PdCl, solution for about 14 min
for sample (S1) and 20 min for sample (S2) to form PdNPs/ n-macro PSi hetero struc-
ture pH sensors. The modification process of bare PSi by incorporation of PANPs was car-
ried out according to the subsequent reactions at the room temperature (Wali et al. 2019a;
Alwan et al. 2019):

Si+6HF — H,SiFg +4H" + 4e )

Pd** +2¢” - Pd 3)

To synthesize the interdigitated sensing structure with PANPs/ n-macro PSi hetero struc-
tures, the Pd metal electrode with 250 nm thickness and 99% purity was selected to metal-
lize the hetero structures through a suitable mask. Palladium is a metal of choice in devices
for hydrogen sensing. Palladium electrode was attained over the PANPs/n-macro Psi hetero
structures by using a vacuum thermal evaporator system with a pressure of 10~ mbar. Fig-
ure 2 illustrates the schematic representation of the palladium electrode above the PANPs/
n-macro PSi layer.

The pads of the electrode for the synthesized interdigitated Pd/ PANPs/ n-macro PSi /Pd
sensors were attached with a copper wire through Ag paste for connecting with the read out
unit. The current—voltage (I-V) characteristics of the IEGFET were measured via external
read out unit (616 kethily digital electrometer). The measurement setup is shown in Fig. 3.

Fig.2 Illustrates the Schematic 10 mm
representation of the palladium
electrode above PdANPs/n-macro
PSi layer

1mm Electrode
Connector
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Fig.3 Measurement setup of I-V Source FDC655BN
characteristics l Gate
Drain | |
Gate Sensor
Vi
O~
Digital Electrometer ution

Kethily 616

The first sensor terminal was linked to the FDC655BN, whereas the second was connected
to the FDC655BN n-MOSFET gate terminal which acts as the FET in the IEGFET device.
The interdigitated Pd/ PANPs/n-macro PSi /Pd sensors were dipped in the buffer solution
of pH at the range of (3—11) for two min. The measurements were recorded at the ambi-
ent temperature. After each test, the sensing gate was washed using deionized water for
1 min to remove the waste substances from the sensor. The morphological features of the
bare n-macro PSi and PdNPs/n-macro PSi hetero structures were inspected by means of
scanning electron microscope (SEM) image (JM-5600). The PdNPs size distribution was
determined by special software program Image J version 7. The structural properties were
measured using XRD-6000, Shimadzu x-ray diffractometer, and energy dispersive x-ray
spectroscopy (EDX) analysis.

3 Results and discussion

3.1 Structural characterization of bare n-macro PSi and PANPs/n-macro PSi hetero
structures.

The surface morphology of the bare n-macro PSi layer before the deposition of nanoparti-
cles is shown in Fig. 4; it can be noted that the n-macro PSi appears as a pore-like structure
with circular connected pore shapes of different sizes. The range of the histogram for the
sizes of PSi pores is around 0. 15 pum to 1.25 pum, and the histogram peak is about 0.15 um.
The porosity of the prepared n-macro PSi was computed using the gravimetrical method
(Ahmed et al. 2013) and it was evaluated as 82%; the Si nanocrystallite sizes were assessed
as approximately 75 nm.

Figure 5(a, b) displays the images of SEM for PANPs deposited on the bare n-macro
PSi layer. From this figure, it is shown that the PANPs have various morphologies of dif-
ferent particle sizes and shapes. For sample S1, as exposed in Fig. 5a, the PANPs are very
consistently distributed outside the silicon nanocrystallites within the porous matrix. The
histogram was wide-ranging from 25 to 75, nm and the peak of the histogram situated at
25 nm. Whereas, for sample S2 (Fig. 5b), the PANPs layer partially covered the pores of the
n-macro PSi due to the high agglomeration of the PANPs as island regions over the bare
PSi layer surface. The average area of the island regions was in the range of (1.5-13.5)

um?,
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Fig.4 SEM image of bare n-macro PSi layer. Inset is the histogram of pore dimensions

The EDX spectra of PdNPs deposited on the n-macro PSi layer are elicited in
Fig. 6(a, b). This figure approves the development of PANPs and the existence of silicon
element, and no additional elements were realized. The intensity of PANPs of sample
S2 is greater than that of sample S1, signifying that the nucleation rate of the metallic
nanoparticles in sample S1 is lower than that of sample S2 due to the higher immersion
time.

The XRD pattern of PANPs incorporated on the bare n-macro PSi layer is manifested
in Fig. 7(a, b). It is realized that the grown-up PdNPs are polycrystalline and have par-
ticular diffraction peaks at 39.85° and 43.9° that correspond to (111) and (200) diffrac-
tion planes, respectively (reference code: 00-001-1201) belong to the PdNPs of F.C.C
structure. The XRD peaks of the sample S1 are lesser than that of sample S2 due to the
enhancement of the nucleation rate of PANPs and then, increase their amount with the
immersion time. The full width at half maximum (FWHM) of the peaks of the sample
S1 is wider than that of sample S2 due to its lower value of grain sizes.

The average grain sizes (d) of PANPs were assessed from the peak widening, and it
can be obtained via Scherrer’s formula as follows (Alwan et al. 2017):

_ 0.94 4
(FWHM) cos 6 @

where, 0.9, A and 0 are the shape factor value, the wavelength of the employed radiation
and the Bragg diffraction angle, respectively. The specific surface area (SSA) is unique of
the particulars of the quality of the nanostructure materials, it was evaluated using the fol-
lowing equation (Alwan et al. 2017):
6000
SSA =

a %)
where, p is the density of the palladium (12.023) g/cm®. The average grain sizes of PANPs
and the specific surface area of the two samples (S1, S2) are calculated for the plane (111).
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Fig.5 SEM images of the PANPs for sample S1 (a) and for sample S2 (b). The Insets of the Fig. 5a, b are
the histograms of nanoparticle sizes and of the island areas respectively

For sample S1, they are about 28.2 nm and 16.2 m%/g, respectively, while they are about
33 nm and 11.2 m%/g, respectively for sample S2.

3.2 Electrical properties of the PANPs/n-macro PSi hetero structure pH-IEGFET
sensors

The variation in the threshold voltage (Vy, (IEGFET)) and hence the current—voltage (I-V)
characteristics of the hetero structure pH-IEGFET sensor was recorded as a function of the
change in the pH level. The variation in V, (IEGFET) with the change in pH follows the
following formula (Chou and Chen 2009)
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Fig.7 XRD pattern of synthesized PANPs, a sample S1 and b sample S2

Viaecrery = Viaosrer) — ¢7M + Vit x Sol —y (6)
where Vi, vosrery v 4 Viep x>° and  are the metal oxide field effect transistor (MOS-
FET) threshold voltage, the metal gate work function, the electron charge, the reference
electrode voltage, the electrolyte surface dipole-voltage and the surface voltage at the
interface of the sensing layer/ electrolyte, respectively. The surface voltage () is the only
variable term, it is a pH dependent factor (Nasser 2018b). Other terms of the Eq. (6) are
constants. The operating of IEGFET is fairly like to that of the traditional MOSFET, but
the metal gate is replaced by the interdigitated structure on the sensing layer. This layer
can be assumed as PdNPs/n-macro Psi hetero structure. The IEGFET operation depends
on the formation of double layers at the electrolyte / PANPs/n-macro PSi hetero structure
layer interface creating a surface voltage that changes the turn-on voltage (Nasser and Ali
2018a; Al-Hardan et al. 2016a). The effects of the incorporation of PANPs on the n-macro
PSi layer on the (Ing-Vgg) characteristics of the hetero structures pH-IEGFET sensor were
examined at a fixed value of Vg (0.2 V) in the linear part of MOSFET characteristics,
as evinced in Fig. 8(b, c), whereas Fig. 8a depicts the characterization of n-macro PSi
layer before inserting the PANPs. From this figure, the increase of the pH value rises leads
to an increase in the output voltage. This outcome can be clarified by Eq. (7), where the
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increase of the pH value leads to decrease y. This y decreasing is owing to the reduction
in the aggregated hydrogen ions (H*) on the sensing layer (macro PSi or PANPs/n-macro
PSi hetero structure) surfaces and the solution. The relationship between the surface volt-
age and the values of pH may be expressed using the following equation (Nasser 2018b;
Chou et al. 2003):

1
e P

where, pH,,., K, T and B are the value of the pH at the point of zero charges, the Boltz-
mann constant, the absolute temperature and the sensitivity parameter, respectively. The
value of y is related to the properties of the base sensing material (PSi), especially the
density of the dangling bonds (Si-H™) within the porous matrix in addition to the specific
surface area of the resulting porous layer. The increasing of these bonds and the specific
surface area leads to an increase in the surface voltage (y). Where, based on the theory
of the site binding, the density of the aggregated charges H* of the Si—-H* (binding sites)
remaining over the sensing layer can modify the surface voltage in the sensing layer/solu-
tion interface.

Figure 8a, of the IEGFET pH sensor with the bare macro PSi displays a weak
response to the variation in the pH level with a poor voltage sensitivity and linearity.
The performance of this type of sensor is much less than that of the PANPs/n-macro
PSi hetero structure sample S1 (Fig. 8b), but it’s better than that of PANPs/n-macro
PSi hetero structure sample S2 (Fig. 8c).Performance of the IEGFET pH sensor with
the hetero structure (sample S1) may be clarified as follows: the pore size modification
by incorporating the PANPs on the pore walls improves the sensitivity performance of
the device due to the enhanced specific surface area integrated (specific surface area of
PSi layer and specific surface area of PANPs). Increasing of the specific surface area
improves the sensor’s sensitivity (Nasser 2018b; Harraz 2014). While for the IEGFET
pH sensor with the hetero structure (sample S2), the decreasing device sensitivity is
related to the morphology of the deposited PANPs. Where, the high agglomeration of
PdNPs (island regions of PANPs) that partially covers the pores of the n-macro PSi
lead is to reduce the activity of the pores, and hence the Si-H*, so the sensor’s sensi-
tivity will decrease.

The sensitivity of the pH voltage was obtained from the Ing-Vg properties, and the
relationship between Vg and pH at the fixed Ig current of about 200 pA is revealed
in Fig. 9(a-c). The sensitivity of the pH voltage was computed using the following
formula:

(PH,:c — PH) )

AV,

H voltage sensitivity =
pH voltage sensitivity ApH

®)

For sample S1, the achieved sensitivity and linearity for the IEGFET pH sensor
with the hetero structure (Fig. 9b) are about 42.89 mV/pH and 0.9948, respectively.
And, they are about 25.12 mV/pH and 0.9392, respectively for the bare n-macro PSi
pH sensor (Fig. 9a). The sensitivity and the linearity of the IEGFET pH sensor with
the hetero structure for sample S1 are high compared with those of the bare n-macro
PSi.While for sample S2, the sensitivity for the IEGFET pH sensor with the hetero
structure was dropped to a very poor value of about 19.07 mV/pH (Fig. 9c).
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4 Conclusion

In this work, PANPs/n-macro PSi hetero structure pH-IEGFET sensors were fabricated and
tested successfully for a pH concentration ranging from 3 to 11. The surface modification
process of the bare n-macro PSi was conducted by incorporating different sizes and mor-
phologies of PANPs. It has been distinguished that the performance of the hetero structure
IEGFET pH sensor is governed by the morphology and the PANPs sizes. An efficient pH
sensing process was obtained for the n-macro PSi pH sensor with the lowest size of PANPs
deposited on the external walls of the pores due to the improvement of the integrated spe-
cific surface area.
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