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We  report  on  the  H2 sensing  performance  and  sensing  mechanism  in  Pd-coated  n- and  p-type  Si  nanowire
(NW)  arrays,  which  were  fabricated  by an  aqueous  electroless  etching  method  and  sputtering.  We  found
that the  resistance  of  the  Pd-coated  n-type  Si NWs  decreased  from  the  base  resistance,  whereas  that
of  the p-type  Si NW  arrays  increased,  upon  exposure  to  H2. The  sensitivity  (S =  1700%  at  1%  H2)  of  Pd-
coated  p-type  NW  arrays  was  much  greater  than  that  of  the  n-type  NW  arrays  (S  = 75%).  Furthermore,  we
found  that  the  dependency  of  the  change  in  carrier  density  on  H2 concentration  was  significantly  greater
d
i nanowire arrays
ydrogen gas sensor
chottky/Ohmic contact

in  p-type  Si  NW  arrays,  while  it was negligible  in the  n-type  NW  arrays.  A Schottky  barrier  was  formed
between  the  Pd  and  n-Si  (�M >  �SC)  before  exposure  to H2, which  changed  to an  Ohmic  contact  (�M <  �SC)
after H2 exposure.  In contrast,  an  Ohmic  contact  was  formed  between  the  Pd  and  p-Si (�M > �SC)  before
exposure  to  H2, which,  after  exposure,  changed  to a Schottky  barrier  (�M < �SC).  Therefore,  the  p-type  Si
NW  arrays  were  much  more  sensitive  to H2 than  the  n-type  Si  NW  arrays.

© 2017  Published  by  Elsevier  B.V.
. Introduction

Nanostructured Si materials have the potential to revolution-
ze its application to chemical sensors [1,2], pressure sensors [3],
olar cells [4], and microelectromechanical systems (MEMS) [3,5],
ue to the unique optical, electronic, and mechanical properties
f Si. Furthermore, Si has distinct intrinsic characteristics which
nable rapid diffusion and adsorption of the target gas molecules
hat enters into the interlayer spaces, resulting in an improved sen-
or performance. Therefore, Si is used to achieve a high surface
rea-to-volume ratio by forming one-dimensional (1D) structures
uch as nanowires (NWs) [6–8] and nanorods [9,10].

Metallic Pd is considered one of the best materials for detecting
2 gas owing to its superior hydrogen solubility at room temper-

ture, compared to that of other alternatives such as metal oxides
11]. During hydrogen dissolution, a chemisorption reaction occurs
y the selective dissociative adsorption of H2 molecules on the Pd

∗ Corresponding author.
E-mail address: wooyoung@yonsei.ac.kr (W.  Lee).

1 These authors contributed equally to this work.

ttps://doi.org/10.1016/j.snb.2017.10.109
925-4005/© 2017 Published by Elsevier B.V.
surface, followed by the diffusion of H2 molecules into the intersti-
tial sites of Pd. Because of hydrogen dissolution, the resistance of
the material changes due to the formation of Pd/H (� phase) and
Pd hydride (� phase) [12,13].

Pd nanostructures have been widely studied as H2 gas sen-
sors in high performance sensing devices, which are based on the
high surface-to-volume ratio of the sensing element such as a sin-
gle NW [14], NWs  [15], thin films [12,13], nanoclusters [16,17],
and porous membranes [18]. Recent advances in the develop-
ment of H2 gas sensors based on Pd NWs  have shown improved
gas sensing performances in terms of sensitivity, detection limit,
and response/recovery times in air [19–21]. In a previous work
[22], we reported the enhanced H2 gas sensing properties of Pd-
coated n-type Si NW arrays fabricated for the first time by a simple
combination of Si electroless etching and Pd sputtering. Based on
the concept of Pd-coated aligned Si NW arrays for the detection
of H2 [22], additional developments in vertical NW sensors were
reported, not only for hydrogen sensing [23,24] but also for other
applications such as NO sensing [25], pH sensing [26], and the
2
switching of water-adhesive properties [27].

Here, we  report an advanced approach for H2 gas sensing using
Pd-coated n- and p-type Si NW arrays and a sensing mechanism that

https://doi.org/10.1016/j.snb.2017.10.109
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.10.109&domain=pdf
mailto:wooyoung@yonsei.ac.kr
https://doi.org/10.1016/j.snb.2017.10.109
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ig. 1. (a) Schematic of a sensor device; (b) cross-sectional, (c) top view, (d) magn
op  view SEM image; and (f) XPS of Pd-coated Si NW arrays.

s dependent on the carrier type of the Si NWs. The newly proposed
-type Si NW arrays show an extremely enhanced H2 sensitivity
S = 1700% at 10,000 ppm H2), which is higher than that of the n-
ype Si NW arrays (S = 75% at 10,000 ppm H2) by a factor of 23. The
nderlying sensing mechanism of the n- and p-type Pd-coated Si
W arrays is based on the change in their carrier concentrations
ue to the formation of Pd hydride (PdHx) upon exposure to H2.
e discuss the hydrogen sensing mechanism of the Pd-coated Si

W arrays based on the semiconductor type (n- and p-type) in more
etail in later sections.

. Experiment

.1. Fabrication of Pd-coated NW arrays

Vertically aligned Si NW arrays were fabricated using a top-
own aqueous electroless etching (AEE) method [22,27]. Four-inch,
00 ± 25-�m-thick p- (boron-doped) and n-type (phosphorus-
oped) Si (100) wafers, each of which demonstrated resistivity
alues from 1 to 10 �-cm, were cleaned with acetone, methanol,
nd DI water for 20 min. In order to remove native oxide lay-
rs, the wafers were immersed in 50% HF and dipped in a mixed
tching solution containing 0.03 M AgNO3 and 6 M HF at 60 ◦C for
0 min. During the etching process, Ag+ ions dissolved in the etch-

ng solution were randomly deposited on the Si surface by galvanic
isplacement [22,27]. After etching, the wafers were rinsed with

 30% HNO3 aqueous solution and DI water to remove the unde-
ired byproducts such as silver dendrites and particles. Finally, the
abricated Si NW arrays were dried in ambient atmosphere.
Pd was deposited on the Si NW arrays via an ultra-high vacuum
C magnetron sputtering system. The deposition was performed at
.4 × 10−3 Torr in Ar at a flow rate of 34 sccm in a vacuum chamber
ith a base pressure of 4.7 × 10−8 Torr. The purity of the Pd target
op view SEM image of Pd-coated Si NW arrays; (e) EDX mapping of the magnified

was 3 N, and the deposition rate of the Pd film at RT was ∼3.7 Å/s
at 20 W.

2.2. Characterization

The nanostructured assemblies of the Pd-coated Si NW arrays
were characterized by field-emission scanning electron microscopy
(FE-SEM; JSM-7001F, JEOL Ltd.) equipped with an energy disper-
sive X-ray spectrometer (FE-SEM-EDS; JEOL-7800F, JEOL Ltd.). The
morphology of the Pd-coated single Si NW was  investigated by the
transmission electron microscopy (TEM; JEM-2100F, JEOL Ltd.).

2.3. Sensing measurements

The Pd-coated p- and n-type Si NW arrays were loaded onto a
printed circuit board (PCB). Electrodes were constructed simply by
pasting silver (P-100, Cans Inc.) on each top side of the Pd-coated Si
NW arrays which is connected to the PCB by the identical paste. The
performance of the NWs  as H2 sensors was assessed in a gas-testing
chamber equipped with a mass flow controller (MFC). Hydrogen gas
was supplied to the gas chamber at a constant flow of 1000 sccm.
The sensing properties of the H2 sensor were measured by mon-
itoring the change in the resistance using a source-measure unit
(Keithley 236, Keithley Instruments Inc.) with a constant voltage
supply of 0.1 V for a time interval of 1 s. The concentration of H2
was fixed in the range 2–10,000 ppm in air.

2.4. Hall measurements
The Hall measurements were also carried out using samples of
the same structure as the H2 sensing measurements on the PCB. The
in-plane constant current (x-direction) of 5.00 × 10−4 A was applied
through the silver paste electrodes used in the H2 measurements
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ig. 2. (a) TEM images of a single Pd-coated Si NW.  Magnified TEM images of (b) to
ottom regions of the Pd-coated Si NW arrays.

sing a current source meter (Keithley 236). The magnetic field
z-direction) along the out of plane direction was  swept from −1
o 1T. For the Hall voltage measurement (y-direction), two  addi-
ional electrodes were constructed using the silver paste and silver
ires perpendicular to the current direction in-plane and the volt-

ge difference were measured using a nano-voltmeter (Keithley
182). A homemade acrylic chamber was used to control the H2
oncentration.

. Results and discussion

Fig. 1(a–f) shows a schematic of the sensor device, the cross-
ectional, top view, and magnified top view SEM images of the
d-coated Si NW arrays, energy dispersive X-ray (EDX) mapping of
he plane-view SEM image, and X-ray photoelectron spectroscopy
XPS) spectrum of the Pd-coated Si NW arrays, respectively. The
chematic in Fig. 1(a) shows a sensor device with two  electrodes
n the Pd-coated Si NW arrays. The actual size of the sensor device
s 1 cm (L) × 1 cm (W) × 500 �m (H). The Pd/Si NW arrays were bun-
led at their tips and formed local clusters due to the capillary force
f the liquid during the drying process of the Si NW arrays [27]. The
istance between the adjacent Pd/Si NW clusters ranged from 1 to

 �m,  whereas the inter-wire distance in a Pd/Si NW cluster was
stimated to be in the range of sub-nm to a few nm [27].

The optimal condition for the fabrication of Si NW arrays was
btained by spatially controlling the Si NW growth by employing
ifferent etching times and compositional ratios of AgNO3 and HF

n the etching solution. As shown in the cross-sectional SEM image
n Fig. 1(b), the average height of Si NWs  is 30 �m,  which readily
esulted from an optimum AgNO3:HF ratio of 0.03 M.  The magnified
EM image in Fig. 1(d) shows an aggregation of individual Si NWs,

ighly perpendicular to the Si substrate. EDX mapping shown in
ig. 1(e) reveals the well prevalent regions in either Si or Pd, and
hows that Pd displays a “shadow effect” wherein the green color is
learly visible. Due to the isotropic characteristic of the sputtering
 (c) bottom regions of the Pd-coated Si NW arrays. EDX mapping of (d) top and (e)

system, sputtered Pd atoms are shadowed by the previously formed
Si NWs  which prevent the atoms from reaching particular areas
on the substrate. Therefore, the Pd nanoparticles are conformally
coated on the Si NWs  and induce a rough sidewall surface. EDX
mapping reveals that Pd is deposited on the entire top surface of
the Si NWs, with some depositions on the sidewalls as well. The
XPS result further confirms the existence of Pd on the Si NW arrays
(Fig. 1(f)). The XPS spectrum of Pd displays binding energy peaks at
336.1 eV and 341.4 eV, corresponding to the electronic transitions
of Pd3d5A and Pd3d3A, respectively. The 5.3 eV gap between Pd3d5A
and Pd3d3A indicates the value of the separated spin-orbit doublet,
which is similar to those reported in literatures [28,29].

Transmission electron microscopy (TEM) images and EDX map-
ping of an individual single Pd-coated Si NW are presented in Fig. 2.
A single Pd-coated Si NW shows a uniform diameter of approx-
imately 200 nm (Fig. 2(a)). A large number of Pd nanoparticles
appear on the surface the top region of the Si NW (Fig. 2(b)). How-
ever, Pd nanoparticles are hardly observed in the bottom region of
the Si NW (Fig. 2(c)) since the poor step coverage of the sputtering
process prevented the flow of Pd atoms to the base of the Si NW.  The
distribution of Pd nanoparticles on the entire Si NW was observed
from EDX mapping of the top and bottom regions of the Si NW,
as shown in Fig. 2(d) and (e). The Pd nanoparticles are deposited
mainly on the top and top- and mid-sidewall of the Si NW.

Fig. 3 shows the H2 sensing performance of the Pd-coated Si NW
arrays. Specifically, the real-time electrical resistances of both the
n- and p-type Si NWs  were measured for various H2 concentrations
(n: 10,000–5 ppm, p: 10,000–2 ppm) in air at room temperature.
The resistance of the Pd-coated n-type Si NWs  decreased from the
base resistance of 180 k�,  whereas the resistance of the p-type Si
NW arrays increased from 50 k�,  for specific H2 concentrations

(Fig. 3(a)). We previously reported [22] that the resistance of the Pd-
coated n-type NW arrays decreases in the presence of H2 because
the nearest NWs  are connected by “volume expansion” of the Pd
nanoparticles on their surfaces. Such “volume expansion”  of Pd to
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ig. 3. Resistance vs. time plot of (a) n-type and (b) p-type Si NW arrays for variou
Ws  in air at room temperature; and (d) repeatability of the Pd-coated p-type Si N

dHx may  create additional carrier paths, thus decreasing the resis-
ance [22]. However, we suspect that there is a limit to the “volume
xpansion” due to the low abundancy of Pd nanoparticles in the
ottom region. Contrary to the n-type Si NW arrays, the resistance
f the p-type Si NW arrays significantly increased when exposed to
2 (see Fig. 2(b)). This implies that the “volume expansion”  of PdHx

s not the main factor affecting the resistance of the Si NW arrays
n the presence of H2, at least for the p-type NW arrays. In order to
larify the sensing mechanism, we focused on the carrier transport
n the n- and p-type Si NW arrays, which will be discussed in detail
ater.

The sensitivities as a function of H2 concentration are shown
n Fig. 3(c) for the n-type and p-type NW arrays. The sensitivity is
efined as:

 =
(

Rg − Ra

)

Ra
× 100, (1)

here Ra and Rg are the resistances of the NW arrays before and
fter H2 exposure in air, respectively. Interestingly, the p-type Si
W arrays showed extremely enhanced H2 sensitivity (S = 1700%
t 10,000 ppm H2), which was higher than that of the n-type Si NW
rrays (S = 75% at 10,000 ppm H2) by a factor of 23. This indicates
hat the carrier type in Pd-coated Si NW arrays plays a crucial role
n H2 sensing. Moreover, the p-type Si NW arrays exhibited good

epeatability in air, showing a reasonable response for the repeated

 in/out cycles for 10,000 ppm H2 (Fig. 3(d)).
A H2 sensing mechanism based on the changes in resistance,

hich are opposite for the n- and p-type Si NW arrays, can be
oncentrations; (c) sensitivity as a function of H2 concentration for n- and p-type Si
ys.

attributed to the interface effect of Pd/Si as depicted in Fig. 4.
In the case of n-type Si NW arrays, the dissociation of hydro-
gen molecules into hydrogen atoms converts the coated Pd on Si
NWs  to PdHx, which lowers the work function of Pd (�Pd > �PdHx),
thereby facilitating the transfer of electrons from PdHx to n-type
Si NWs  (Fig. 4(a)) [30]. In other words, when exposed to H2, the
resistance of the Pd-coated n-type Si NW arrays decreases, as
shown in Fig. 4(b). However, when exposed to H2, the formation
of PdHx in the p-type Si NW arrays lowers the work function of Pd
(�Pd > �PdHx) and facilitates the transfer of electrons to the p-type Si
NWs, which neutralizes the hole carriers (Fig. 4(c)). Thus, the resis-
tance of the Pd-coated p-type Si NW arrays increases (Fig. 4(d))
[31].

The H2 sensitivity of p-type Si NW arrays, which is significantly
enhanced compared to that of n-type, can also be explained by the
interface effect based on the change of work function. Since the
work function of Pd (�Pd = 5.6 eV) is larger than that of Si (�n-Si = 4.4
and �p-Si = 4.9 eV), a Schottky barrier is formed between Pd and
n-Si (�M > �SC) (Fig. 5(a)) [32]. After exposure to H2, an Ohmic
contact (�M < �SC) is formed due to the reduction of work func-
tion owing to the formation of PdHx (Fig. 5(b)) [32]. In contrast,
an Ohmic contact is formed between the Pd and p-Si  (�M > �SC)
(Fig. 5(c)) [32,33], which, after exposure to H2, changes to a Schot-
tky barrier (�M < �SC) due to the reduction of work function owing

to the formation of PdHx (Fig. 5(d)) [32,33]. Since the Ohmic con-
tact in the p-type Si NW arrays changes to a Schottky barrier upon
exposure to H2, the decrease in the work function of PdHx with
increasing H2 concentration increase the height of the Schottky
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ig. 4. Schematic illustration of H2 sensing mechanisms in (a) n- and (c) p-type Pd
.2%  H2 depending on the major carrier types in (b) n- and (d) p-type Pd-coated Si N

arrier [32,33]. Thus, the resistance of the p-type Si NW arrays
ncreases with increasing H2 concentration. However, since the
chottky barrier in the n-type Si NW arrays changes to an Ohmic
ontact upon exposure to H2, the interface effect of Pd/Si diminishes
ith increasing H2 concentration. Consequently, the sensitivity of

he Pd-coated p-type NW arrays is much higher than that of the n-
ype NW arrays. A native SiO2 layer (∼10 Å) in Pd/Si interface [34]
erves as a diffusion barrier against palladium silicide (PdSi) forma-
ion while concurrently reducing the effect of Fermi level pinning
32]. If a SiO2 layer is not formed on an n-/p-type Si NW,  a schottky
arrier forms between PdSi and a Si NW,  resulting in no response
o hydrogen gas [33]. It should be noted that a native SiO2 layer is
mitted between Pd and n-/p-type Si in the schematic diagram as
hown in Fig. 5.

To validate the sensing mechanism, the changes of intrinsic
roperties in n- and p-type Si NW arrays were investigated with
espect to the H2 exposure by using the Hall measurement, as
hown in Fig. 6. The Hall voltage is defined as:

H = IB

ntq
, (2)

here I is the current, B is the magnetic field, n is the number of
harge carriers, t is thickness of the film, and q is the carrier charge
e for hole and −e for electron, e is the electronic charge). In typi-
al conductors, the carrier density can be obtained with the slope
f Hall voltage vs. magnetic field plot (VH/B), according to Eq. (2).
lthough it is difficult to accurately define the thickness of the sam-
le, in which the electrical conduction occurs, in this Pd-coated NW
rrays, the change in the carrier density can be estimated by the
bsolute value of slope. In the n-type Si NW array, the absolute
alue of slope slightly decreases with the H2 exposure as shown
n Fig. 6(a), which indicates an increase of the carrier density (elec-

rons). On the other hand, the p-type Si NW arrays showed increases
f the slope with increasing H2 concentration indicating decreases
f carrier density (holes) (Fig. 6(b)). Moreover, the variation of slope
n the p-type is more than one order magnitude larger than that of
d Si NW arrays based on carrier concentration. Resistance variation with time for
rays.

the n-type, which is good agreement with the H2 sensing results.
Furthermore, the noise level of Hall voltage increases as increas-
ing H2 concentration for the p-type NW,  while the scattered Hall
voltage is noticeable solely in air for the n-type. This noise is due to
the increase in the contact resistance originating from the Schot-
tky barrier at the Pd/Si interface, which is good agreement with the
variation of interface explained above.

4. Conclusions

In summary, we  have investigated the H2 sensing performance
of Pd-coated n- and p-type Si NW arrays, which were fabricated by
an aqueous electroless etching method and sputtering. We found
that the resistance of the Pd-coated n-type Si NWs  decreased from
the base resistance of 180 k�, whereas that of the p-type Si NW
arrays increased from 50 k�, for 1% H2. In addition, the p-type Si NW
arrays showed ultra-high H2 sensitivity (S = 1700% at 10,000 ppm
H2), which was higher than that of the n-type Si NW arrays (S = 75%
at 10,000 ppm H2) by a factor of 23. Moreover, upon exposure to
H2, the resistance of the Pd-coated n-type Si NW arrays decreased,
while that of the Pd-coated p-type Si NW arrays increased. This is
because the formation of PdHx in the p-type Si NW arrays lowers the
work function of Pd (�Pd > �PdHx) and results in the transferring of
electrons to the p-type Si NWs, which neutralizes the hole carriers.
Since the Schottky barrier in the n-type Si NW arrays changes to
Ohmic contact when exposed to H2, the interface effect of Pd/Si
diminishes with increasing H2 concentration. On  the other hand,
since the Ohmic contact changes to Schottky barrier in the p-type
Si NW arrays when exposed to H2, the decrease in the work function
of PdHx with increasing H2 concentration increases the height of

the Schottky barrier in the p-type Si NW arrays, thereby increasing
its sensitivity. The variation of slope in Hall voltage vs. magnetic
field was consistent with the interface effect according to the H2
concentration in both types Si NW arrays. We  demonstrated that
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Fig. 5. Schematic illustration of the change in contact resistance at the metal (Pd)-semiconductor (Si) junction: (a) formation of Schottky barrier (�M > �S) in an n-type Si
NW  before the exposure of H2, (b) formation of Ohmic contact (�M < �S) in the n-type Si NW after the exposure of H2, (c) formation of Ohmic contact (�M > �S) in the p-type
Si  NW before the exposure of H2, and (d) formation of Schottky barrier (�M < �S) in the p-type Si NW after the exposure of H2.

Air  0.98 mV/kOe
1 % H2  0.87 mV/kOe
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Fig. 6. Plot of Hall voltage vs. magnetic field revealing different carrier concentrations for various H2 concentrations: (a) n- and (b) p-type Si NW arrays.
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