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Resistive-type palladium structures for hydrogen sensing remains as a research focus for their
simplicity in device construction. We demonstrate that a siloxane self-assembled monolayer placed
between a substrate and an evaporated ultrathin Pd film promotes the formation of small Pd
nanoclusters and reduces the stiction between the palladium and the substrate. The resulting Pd
nanocluster film can detect 2%, Mith a rapid response time ef70 ms and is sensitive to 25 ppm
hydrogen, detectable by a 2% increase in conductance due to the hydrogen-induced palladium lattice
expansion. €2005 American Institute of PhysidDOI: 10.1063/1.1929075

The utilization of effective hydrogen sensors to quickly 5-9x 10* Pg. One problem that can hinder practical appli-
and sensitively respond to hydrogen gas leaks and to monitarations is the drift in the film resistance after each hydrogen
manufacturing and distribution will be crucial for the safe loading/unloading cycle. No detailed studies on hydrogen re-
deployment of all hydrogen-based applications. In particularsponse times of these Joule heating produced Pd agglomer-
resistive sensor elements that change their values in the preates were reported. As reported earlfet: HILE-based hy-
ence of hydrogen are the focus of many research gfoups drogen sensing using ultrathin Pd films could have response
due to their simple fabrication methods, compact packagingmes as long as minutes. The slow response times based on
and relatively straightforward signal detection. For examplethis mechanism may be due to the in-plane strain of Pd at-
palladium increases its resistivity in the presence of hydrotached directly to the supporting substrétdecause of the
gen due to the formation of Pd hydrffeand has been used strong adhesion at the metal-oxide interféﬁ:e.large por-
as a sensing element in hydrogen sen&dfsHowever, the tion of the Pd atoms in an ultrathin film resides at the inter-
response time and sensitivity of the currently availableface thus slowing the film's HILE response.
resistive-type sensors are not adequate for many hydrogen Siloxane self-assembled monolayé®AM) are widely
applications such as hydrogen leak detectors in hydrogerSed as a lubricating layer to reduce the adhesion at the in-
powered vehicles. Some progress has been made to impro{@iface between different components in microelectrome-
both the response time and the sensitivity through the dischanical system. Here, we show that enhanced hydrogen
covery of new sensing materi&ig and the exploitation of Sensing perfor_mance can be ach_|eV(_ad for_ ultrathin Pd_fllms
the nanostructures of known sensing matefidlamong the ~ deposited on siloxane SAM resulting in rapid response times,
latter, Pd nanobead chains fabricated by electrodeposition di9n sensitivity and reversibility upon each; Hoading/
single crystal graphite step edges showed a response time #aloading cycle. _ o
short as 70-75 ms for a 5% hydrogen/nitrogen mixtiiFais The SAM supported Pd film preparation involves two
is the fastest response to hydrogen ever reported. The sensirlﬁlﬁn‘fps' First, sanitized microscope slide cover glass slips were
mechanism is based on the hydrogen-induced lattice expafimersed in 1 mM N-octyldimethylchlorosilane in toluene
sion (HILE) in Pd'*'2which causes the swelling of the Pd orin commermgl W|nds_h|eld rain repellat®restongfor 24
nanobeads thus narrowing/closing the gaps between tﬂéfor the formation of siloxane SAM coated gld&CG and

beads in the Pd chains. Inspired by the short response tin{énsed with isopropanol. Ultrathin Pd was then evaporated
achievable through HILE Dpankeatyal. proposed 2 more onto the SCG(Polaron E6700 evaporator, base pressure of

. pA . )
practical way to apply this mechanism by fabricating Pd dis—the vacuum chamber is 10 Torr and evaporating rate is

continuous films close to the percolation threshiSidhe 0.1 A/9. For the purpose of comparison, a cleaned bare

resistance of such a film is expected to decrease in the preglaSS(BG) was placed beside the SCG as a reference. In

. . . rder to obtain information for optimal thickness, we con-
ence of hydrogen due to the HILE in Pd film that INCreasesy ctedin situ monitoring of the film conductivity as a func-

the number of cqnducting percolation pathways. _Th?‘V als(?ion of its nominal thickness during film deposition.

made a film c9n5|st|ng of Pd_ agglomerates (.)f 448 in size ) Figure Xa) shows the evolution of the film conductivity
by Joule heating a 10 nm thick continuous film on a sapph'r%luring the Pd evaporation on both a SCG and a BG. Below 5
substrate and demonstrated the expected resistance decregse e pd fim conductivity on both types of substrates is
in the presence of concentrated deuteritana pressure of gy onq1y thickness dependent. Specifically, between 3.3 and
3.4 nm, the conductivity of the Pd film on SCG increased by
dElectronic mail: xu@anl.gov a factor of~5 within 0.1 nm(the resolution of our thickness
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FIG. 1. (a) Thickness dependent conductivity of Pd films deposited on BG
(©) and on SCE). The inset shows a schematic of an ultrathin Pd film
consisting of nanoclusters on a SAM coated substfajeand (c) are AFM
images of nominal 3.3 nm thick Pd films on BG and SCG, respectively.

o (kS)

moniton. In contrast, the Pd film on BG exhibits a more
gradual increase in this range. Above 5 nm, the incremental
percentage increase in conductivity for both films becomes
less thickness dependent and it is assumed that the films are 30
becoming coalesceht. The surface morphology for both
types of samples at a thickness of 3.3 nm was investigated by
atomic force microscopyAFM). Evaporated Pd on BG sur-
face forms randomly connected Pd domains with an aver- 230}
aged size of 1200 nfnabout 6 nm in height, ane-100 nm
apart from each othdFig. 1(b)]. In contrast, the Pd film on
SCGJ[Fig. 1(c)] consists of much smaller Pd clusters, similar @ 220}
to the morphology of ultrathin gold films on alkylthiol o
SAMs 8 The application of siloxane SAM lowers the surface
free energy and results in the formation of smaller Pd nano-
clusters, leading to intercluster gaps of less than 10 nm wide
versus an average of 100 nm for the films on BG. As dis- ©)
cussed later, the smaller Pd clusters and the narrower gaps
between them are crucial for increasing the film’s sensitivityriG. 2. (a) Conductance response of a 3.3 nm thick Pd film on SCG to
to hydrogen gas detection. 2% H,. The flow of H, is controlled by a solenoid valve with a switching

The kink at~3.3 nm for the Pd film on SCG indicates time of 25 ms;(b) repeated cycling of Kloading and unloading onto the

. _same sample(c) response of a 3.3 nm thick Pd film on BG to 2%.H

that a large amount of nanoclusters are at the percolation
threshold. Thus, further addition of a very small amount of
Pd will enable the formation of large numbers of new con-PdH, and (b) the conductance increases due to HILE,
ducting pathways and significantly enhance the conductivitghereby narrowing the gaps between the Pd nanoclusters. The
of the film. Likewise, swelling of the Pd clusters due to initial decrease in conductance in FigcBcan be ascribed to
HILE will also induce a large increase in conductance at thehe formation of Pdkl hydride. The subsequent increase in
threshold of percolation. Therefore, a film with a thickness ofconductance is due to the HILE-induced dilation of Pd clus-
~3.3 nm is ideal for detection of hydrogen gas. As shown inters forming more conductive pathways. This result is con-
Fig. 2@), a 3.3 nm thick Pd film on SCG showed a conduc-sistent with our previous assumption of the slow motion of
tance increaséAo/ oy with Ao=0y-0p) as high as 68% Pd clusters on BG due to the strong adhesion between the Pd
when exposed to 2% H(the background gas is nitrogen atoms and the substratéThe comparison between thin Pd
The response time, defined as the rise time to reach 90% &fms on SCG and on BG proves that the SAM layer between
Ao, is about 68 ms and the conductance returns to the bas@d and glass contributes to faster and reversible responses of
line without any significant drift when the hydrogen contentthe ultrathin Pd films to hydrogen.
is removed. As shown Fig(B), this reversibility is stable for At room temperature, bulk PdHx<0.8) undergoes an
many loading/unloading cycles. In contrast, Figc)3hows  « to 8 phase transition starting at 1-2 kPa of pressure
that the conductance of the 3.3 nm thick reference film ori.e., 1%—-2% in concentration of one atmospheric pregsure
BG first undergoes a decrease. This decrease is offset ameading to a change in the lattice constant from 3.89Gh&
eventually outpaced by an increase in conductance, leadingaximal fora phasé to 4.025 A(minimal for the 8 phase,
to only a small conductance increase in response to hydran increase of 3.5%, corresponding to an 11% increase in
gen. Moreover, the conductance of these ultrathin Pd filmsolume®?° Because most of the increase in lattice constant
on BG drifts with each H loading/unloading cycle, which occurs in thisa-to-8 transitional phase, HILE-based hydro-
was also observed for Pd microclusters on sapphirgen sensing at room temperature suffers from a detection
substrate$® As pointed out in Refs. 12 and 14, the adsorp-limit of 1%—2%H, if the gaps between clusters/beads are
tion of hydrogen by Pd can have two opposing effects on théoo wide to be closed by HILE. In fact, this limitation is
electrical transport properties of discontinuous ultrathin Pdbserved in the hydrogen response of Pd mesowires which

films: (a) the conductance decreases with the formation otonsist of coarse Pd grains of 50—-150 nm in diameter and
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(b) H, concentration (%) before and(b) during exposure to kigas. Several hydrogen-induced gap

narrowings or closings are highlighted within the white circles. The corre-
FIG. 3. (a) Conductance responses of a 3.3 nm thick Pd film on SCG tosponding schematics in the lower panels illustrate the formation of increased
various concentrations of ;iData were acquired for each concentration and conducting pathways due to HILE in Pd nanoclusters.
collected to be drawn in the same pl@) conductance change vs,tdon-
centration for the same sample-l—). The inset is a magnified view of
the data in the low concentration region. Data obtained for a continuous P

film (10 nm thick on SCG is also giver @) for comparison, Bresence of hydrogen. The hydrogen-induced conductivity

change is reversible and stable.
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