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a b s t r a c t

We report the fabrication of a novel hydrogen sensor that utilizes the electrical resistance

changes in the palladium thin films with nanometer thicknesses. The sensing mechanism

is based on transitory absorption of hydrogen atoms into the palladium layer, which leads

to the reversible alteration of the electrical resistance. In concentrated hydrogen ambient,

the excess hydrogen absorption process leads to mechanical deformation on the surface of

the palladium films, corresponding to the phase transition from a-phase to b-phase. The

reversible sensing process results in a hysteresis curve for resistive properties, of which the

height (sensitivity) could be controlled by manipulating the thickness of the palladium

layers. The peel-off phenomena on the surface of the palladium film were suppressed by

decreasing the thickness of the film. At the thickness of 20 nm, a hysteresis curve of

resistance was obtained without any structural change in the palladium thin film. These

results provide a significant insight to the fundamental understanding of the relationship

between the electrical sensitivity of pure Pd thin films and related structural deformation,

which is essential to develop robust H-sensors with high sensibility.

ª 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
1. Introduction storing devices, hydrogenation catalysts, and H2 sensors
Hydrogen (H) is a promising alternative resource for generating

green energy [1e3], however, a high performance sensing

system is required for its handling to alleviate safety issuesdue

to its explosivenature [4]. For this reason, extensive researches

have been conducted to explore efficient H sensible devices

with various material systems such as palladium (Pd) [5e7],

indiumoxide-doped tinoxide [8], titaniumoxidenanotubes [9],

and zirconia [10]. In particular, PdeH systems are popular

experimental subjects due to their broad applicability in H-
; fax: þ82 2 312 5375.
; fax: þ82 2 313 2879.
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[11,12]. Specifically, sensorsusingPd thin layers thatdetectH in

air by measuring the electrical properties are highly beneficial

owing to their compatibility with conventional integrated

circuits.Amongsuchsensors, the resistive-type sensorbuilt on

the Pd system [13,14], which measures the changes in resis-

tivity of the thin Pd films due to the absorption of H atoms, has

received great attentions since its selectivity to H is greater

than the hot wire type [15] and its comparable convenience in

the manufacturing process compared to that of the metal-

oxide-semiconductor (MOS) type sensors [16,17].
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Lewisetal. [12] investigated the fundamentalmechanismof

the hydrogen absorption and desorption process in the Pd thin

film using a pressure-composition isotherm. The linear

increase in the electrical resistance of the PdeH system as

a function of H content has been successfully revealed.

However, the results were obtained using the electrolytic

chargingmethod, and thus all the data acquisitionwas carried

out in an environment at much higher pressure than atmo-

spheric pressure. Although the gas phase method was intro-

duced to compensate for the high-pressure-experimental-

environment of the electrolytic charging method [18], Pd

samples were still exposed to hydrogen gas (H2) at higher

pressure than the atmospheric level of up to 3.3 MPa [18,19].

Hence, various studies have been conducted to develop prac-

tical devices that work at atmospheric pressure, and it has not

been over a few years that the H-sensors using thin Pd films

were developed to work at the required environment [20,21].

In thePdeHsystem, twophasesofa-phase (solid solutionof

Pd and H) and b-phase (Pd hydride) can be obtained according

to the amount of H atom incorporation into the thin Pd films

[12].Aphase transition fromthea- tob-phaseoccursduring the

absorption process of H atoms if the amount of incorporated H

atoms exceeds the maximumH solid solubility in the Pd layer

[11,12,22]. During the course of thephase transition from the a-

to b-phase andback to the a-phase, a hysteretic behavior in the

resistance [12,23] with irreversible structural changes [24e27]

in the Pd films were observed. The structural changes in the

Pd films could lead to severe stability problems; to solve the

related concerns, many investigations were conducted to

suppress the mechanical deformations. As a consequence,

diverse methods were invented including the use of Pd alloys

[28,29], addition of a buffer layer [20,21], and modifications of

substrates such as crystallinity, surface morphologies, and

thicknesses [25,30e34]. However, a fundamental under-

standing of the relationship between the structural deforma-

tion and sensitivity of pure thin Pd films, which can be the key

to develop robust H-sensors with high sensibility, is lacking.

In this article, we report the effects of film thickness and

concentrations of H2 on the hysteretic characteristics of resis-

tance and related mechanical deformations for pure thin Pd

layers inthepresenceofH2atatmosphericambient.Theheightof

the hysteretic resistance curve, a measure of the H sensitivity of

the Pd layer, increased as the thickness of the Pd films increased.

For Pd films with thicknesses less than 5 nm, the hysteretic

behavior in the resistance curve was no longer observed. On the

other hand, the structural deformation of the Pd film was

successfully repressed at thicknesses less than 20 nm. The pre-

sentedexperimentaldata is inaccordancewiththechangesof the

resistance predicted by the Sieverts’ law in dilute hydrogen

concentrations. The primary cause of the increase in the resis-

tance of the Pd films can be attributed to the scattering by the

incorporatedHatomsintheinterstitialstatesof thePdeHsystem.
2. Experimental procedures

2.1. Device fabrications

Various nanometer-thick Pd films, ranging from 5 to 400 nm,

were deposited on thermally oxidized 12.5 mm� 12.5 mm Si
(100) substrates through sputter deposition using an ultra

high-vacuum DC magnetron sputtering system with a base

pressure of 4� 10�8 Torr. The thickness of the oxide layer of

the substrate was 300 nm. The substrates were cleaned and

degreased with successive rinses in ultrasonic baths of

acetone, methanol, and de-ionized water for 15 min each at

room temperature. Then, the substrates were blown dry with

nitrogen gas (N2). The sample introduction chamber was

vented with N2 gas prior to sample transfer. Sputtering with

99.99% purity Pd target was performed in a 1.2� 10�3 Torr

discharge composed of 14 sccm argon gas injected into the

deposition chamber. The discharge power was fixed at 20 W.

The target-to-substrate separation was approximately 15 cm,

resulting in a film deposition rate of 2.7 nms�1.

2.2. Sensing measurements

Electrical resistance measurements were collected using

a four-point probe technique. The surfaces of the Pd thin films

were connected byAuwires to a printed circuit boardmounted

in a test chamberwith a volume capacity ofw250 mL. The test

chamber was connected to a Ketheley 236 power supply and

Ketheley 2182 digitalmultimeter to provide a constant current

of 1 mA. The chamber was also equipped with a mass flow

controller (MFC) that monitored the inflow/outflow ratio of H2

and N2, and the real-time electrical resistance response to H2

wasmeasured at roomtemperature. All data acquisitionswere

carried out with National Instruments LabView program

through a General Purpose Interface Bus (GPIB) interface card.

The test chamber had inlet and outlet lines for the flow of

different gases. A check valve was set up at the outlet line to

maintain the outflow of the gases in a single direction. To

constantly maintain a near atmospheric pressure, the check

valve opened when the pressure inside of the chamber was

greater than the environmental pressure.The concentrationof

H2 was controlled by its relative amount in mixture with N2.
3. Results and discussion

Fig. 1(a) shows the representative electrical resistance (R)

responses to the presence of 1% H2 of the Pd thin film with

a thickness t¼ 100 nm at room temperature. The measured

value of R in an initial H2-free environment was 0.469 U, fol-

lowed by a substantial increase to 0.494 U after the H2 expo-

sure. When the chamber environment was changed to 100%

N2 ambient, as indicated with an arrow, the value of R rapidly

decayed (within the first 50 s) and saturated to the value of the

initial stage (base line). For repeatedly altering the exposure

environment from 1%H2 to 100%N2, identical behaviors in the

variation of R and corresponding sensitivity were observed.

Here, the sensitivity S refers to the relative change between

the Rmeasured after the exposure to H2 and the initial R of the

Pd film. The sensitivity shown in the right axis of Fig. 1(a) was

calculated by the following equation:

S ¼ DR
R

� 100ð%Þ ¼ RH2
� RN2

RN2

� 100ð%Þ; (1)

where RH2
and RN2

are the resistances of the Pd film in the

presence of H2 and N2, respectively. The reversible periodicity
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of R and corresponding sensitivity of Pd thin films can be

explained by the following process. When the Pd thin film is

exposed to H2, the H2 molecules are decomposed into single H

atoms and they are absorbed in the interstitial sites of the Pd

lattice through diffusion process as schematically described

later in Fig. 2(a) and (b). The increment of R can be attributed to

carrier scattering resulting from the incorporated H atoms in

the Pd layer [22]. On the contrary, by replacing 1:99/H2:N2 with

100% N2 ambient, the desorption of H atoms owing to the

decrement in the partial pressure of H2 occurred, resulting in

the reduction of the resistivity of Pd film to the initial value.

The response time (T90), which is the time to reach 90% of

the total change in the R of the Pd film at a given concentration

of H2, was approximately 130 s in 1% H2 ambient, demon-

strating an excellent response timewith lower concentrations

of H2 when compared to thin film sensors built with alterna-

tive materials [35,36]. Sensors fabricated with tungsten oxide

thin films (in 7000 ppmCH4 ambient) showed similar response

time of 180 s [35]. A much slower sensing mechanism that

required approximately 700 s of T90 was reported for the use of

zinc oxide thin films (in 3% H2 ambient) [36]. However,

a noticeable reduction in the response time was discovered

when using Pd nanocluster films (in 2% H2 ambient) [14]: T90 of

70 ms was obtained. It can be attributed to the significantly

larger effective exposed surface area of Pd nanocluster films

compared to that of the Pd thin layer. Furthermore, a compa-

rable response time of 150 s with much higher sensibility was
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Fig. 1 e Electrical resistance responses and the

corresponding sensitivity changes of the Pd thin film with

a thickness of 100 nm to the presence of (a) 1% H2 and (b)

2% H2 at room temperature. The measurements were

carried out while repeatedly varying the exposure

environment to concentrated H2 and pure N2 back and

forth.

Fig. 2 e The sequential schematics of the PdeH system

during the phase transition from a- to b-phase by the

sample exposure to concentrated H2: (a) before H2

introduction, (b) sample exposure to 1% H2, (c) sample

exposure to 2% H2, and (d) after desorption process of H2 by

changing to pure N2 ambient.
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reported for the use of titania nanotubes (in 1000 ppm H2

ambient) owing to the nature of its nano structure [37].

Fig. 1(b) remarks slightly dissimilar features for the resis-

tance response curve under the same experimental proce-

dures with 2% H2. A two-step behavior was observed during

the increase of R in the first cycle of the graph, and T90 was

attainedmuch later (approximately 480 s) compared to that of

the sample exposed to 1% H2. During the increment of R in the

first cycle, an intermediate stage shown as a flat curve (indi-

cated with (i)) was observed from approximately 250e375 s,

followed by a further increase. It can be ascribed to the phase

transition of the Pd thin film from the a- to b-phase. The

maximum values obtained for R, and hence S, were 0.706 U

and 52%, respectively, and the value of S was nearly ten times

greater than that of the sample exposed to 1% H2 ambient.

After experiencing the two-step behavior, repeating the

experiment with alternating the environment from 2:98/H2:N2

to 100% N2 ambient produced a similar periodic pulse train of

the change in R.

The increase in R for the Pd thin film exposed to 2% H2 is

most probably due to the carrier scattering owing to the

excess amount of incorporated H atoms and additional

defects such as vacancies and dislocations formed during the

delamination process (shown later in Fig. 3) of the Pd surface.

The delamination of the Pd thin film, which occurs during the

phase transition from the a- to b-phase, is primarily the

consequence of large amounts of H atoms diffusing into

the film, where significant amounts of H atoms break the

bonds of the Pd system, becoming detached. At the first point

of inflection (indicated with (i)), the measured value of S was

approximately 7.6%, which is greater than the overall values

of S obtained in the experiment with 1%H2. The a-phase of the

PdeH binary compound shows the maximum solid solubility

of H atoms up to this point, and a dramatic increase in the

resistance was followed along with the transition to the b-

phase. During the desorption process of H atoms caused by

changing the environment to pure N2 ambient, a radical

decrease in R (as well as in S ) was achieved. For further

alteration of the exposure environment, the shoulders (indi-

cated as (ii)) in the increasing curve of R was barely shown

(hence negligible), indicating that the deformed structure of

the Pd film remained. Accordingly, T90 from the second peri-

odic pulse train was significantly shortened to approximately

100 s. Using an in-situ optical microscope, the initial structural

changes corresponding to the deformation of Pd film were

observed from the first inflection point during the exposure to

2% H2. The surface of the Pd film began to detach by forming

small circular patterns and then these patterns expanded in

an isotropic manner throughout the whole film (not shown).

After the structural deformation process was finalized, the

values of R and S were saturated accordingly.

Fig. 2 illustrates the full courses of the phase transition of

the Pd thin film from the a- to b-phase during the exposure to

H2. Before the introduction of H2, the crystalline structure of

the Pd film is well organized, and Pd atoms are in the form of

a robust lattice structure (Fig. 2(a)). However, when the film is

exposed to H2 ambient, the H2 molecules diffuse into the

surface of the Pd film, and break into single H atoms that are

placed in between the Pd atoms due to the high reactivity of Pd

atoms to H atoms (Fig. 2(b)). This state of the Pd filmwhere the
H atoms are interstitially placed in between the Pd atoms is

defined as the a-phase, which can be found during the expo-

sure of the Pd film to 1% H2 (throughout the entire process),

and exposure to 2% H2 before the phase transition to b-phase

initiates as depicted in Fig. 1(b).

For Pd films exposed to 2% H2, further incorporation of H

atoms into the PdeH system induces a phase transition from

the a- to b-phase. As the nucleation and growth of the b-phase

arise out of the a-phase, an incoherent state can be induced to

release the stress caused by the difference of the lattice

constant between the a- and b-phases. The Pd layers tend to

expand due to its volume increase during the phase transition,

leading to a compressive stress at the interface of the film/

substrate. To relieve the applied stress, mechanical defor-

mation corresponding to a slight detachment of the Pd film is

generated (Fig. 2(c)) [24e26]. The structural change in the Pd

film is irreversible, and therefore, even after the H atoms are

desorbed and removed from the system by decreasing the

partial pressure of H2, the deformed structure remains

unchanged with only a slight recovery in shape (Fig. 2(d)).

Fig. 3 shows the representative scanning laser confocal

images of the surfaces of the thin Pd films with different

thicknesses of (a) 100 nm, (c) 50 nm, (e) 30 nm, and (g) 20 nm

after exposure to 2% H2. Fig. 3(b), (d), (f) and (h) are the

magnified images of (a), (c), (e), and (g), respectively. For the Pd

film with a thickness of 100 nm, large blisters in the shape of

a mountain contour map with serious wrinkles are shown

(Fig. 3(a) and (b)). The size of the blister was approximately

300e500 mm, and the blisters are observed throughout the

entire surface of the Pd film. When the thickness of the film is

decreased to 50 nm, a noticeable reduction in the size of the

deformed regions can be observed, and the buckles are shaped

more like telephone cores or wrinkles on a cloth (Fig. 3(c) and

(d)). An additional decrease in the size and shape of the

deformations is observed in the Pd film with a thickness of

30 nm, where the deformed structures are shown to be

composed of small dots with rectangular or triangular shapes

and patterned lines (Fig. 3(e) and (f)). When the thickness of

the Pd film is less than 20 nm (Fig. 3(g) and (h)), no mechanical

deformation is observed, which can be explained by the

clamping effect, which states that the tensile stiffness of

a laminate specimen is in an inverse relation to the thickness

of the specimen [17]. Hence, the clamping effect played

a major role in restraining the tensile strength induced in the

Pd layer as the Pd layers were thinner. An interesting

phenomenon to be noted is that even without the structural

change of the thin Pd films, hysteretic behavior of S was

observed according to the variation of H2 concentration,

which will be shown later in Fig. 4(b) for the 20 nm-thick Pd

film.

To better understand the effect of H2 concentration on the

changes of R (as well as S ) during the process of absorption

and desorption of H, the exposure of H2 was gradually

increased and decreased between 0 and 2% for the Pd thin film

with thicknesses of 100 nm and the corresponding experi-

mental observations were plotted. As shown in Fig. 4(a), S

followed a different curve in the absorption and desorption

process. Two abrupt changes in S were observed: a sharp

increase at 1.5% H2 in the absorption process and a drastic

decrease at 0.6% H2 in the desorption process. Based upon the



Fig. 3 e Scanning laser confocal images of the surfaces of the thin Pd filmswith different thicknesses of (a) 100 nm, (c) 50 nm,

(e) 30 nm, and (g) 20 nm after the sample exposure to 2% H2. Fig. 3(b), (d), (f) and (h) show the 103magnified images of (a), (c),

(e), and (g), respectively.
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behavior of S, the PdeH system can be divided into three

different phases while varying the concentration of H2. The

first phase is the single a-phase (solid solution), and the

a-phase remains until the concentration of H2 is increased to

1.5% (Sy 12.1%), and this point is named as pamax/abs, which

denotes the maximum partial pressure that a-phase can
withstand during the absorption process. A gradual increase

in S was observed up to pamax/abs, followed by a dramatic

increase of S to 55% with increasing H2 concentration to 1.7%.

During the H2 concentration intervals of 1.5e1.7%, both the a-

and b-phases coexist, and thus this specific region of the

graph was indicated as (aþ b)-phase in Fig. 4(a). Owing to the



Fig. 5 e Change of sensitivity measured for a-phase PdeH

system in dilute H2 ambient with different thicknesses

from 5 to 400 nm during the H absorption process.

Fig. 4 e Hysteresis curve of sensitivity during the process

of absorption and desorption of H by gradually changing

the concentration of H2 exposure from 0 to 2% (a) for the Pd

thin film with thickness of 100 nm and (b) for the Pd thin

film with different thicknesses ranging from 5 to 400 nm.
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fact that both the a- and b-phases coexisted in the Pd thin film,

S in this region depends on a composition ratio of the a- and b-

phase, which can be described in the following equation [18]:

S ¼ fa
�
Sa max=abs

�þ fb
�
Sb min=abs

�
; (2)

where fa and fb are the compositional fractions of the corre-

sponding phases, and Samax/abs, Sbmax/abs are the sensitivities

at pamax and pbmin, respectively. Hence, it can be inferred that

the large increase in S at this phase is primarily due to the

formation of the b-phase, which is accompanied by the

formation of defects such as vacancies and dislocations [20].

For the exposure of Pd film to H2 concentrations greater than

1.7% during the absorption process, the phase was fully con-

verted into a single b-phase (Pdehydride), and Swas saturated

with further increase in H2 concentration to 2%.

After the fullphase transitionof thePd thinfilmto thesingle

b-phase, the desorption process of H atoms was followed by

reducing the concentration of H2 back to 0%, and a hysteresis

curve was obtained through the change in S. Notably, the

maximum value of S remained nearly constant down to 0.6%

H2. It can be attributed to the stronger interaction force in the

PdeHbondof thesingleb-phase than that required tobreak the

HeHbond in the formationofa-phase.During theHabsorption

process, H2 molecules break into single H atoms in order to

smear into the Pd layer and a-phase is generated. However,

when transited tob-phase,Hatomshavestrongbondswith the

Pd atoms and turning back to a-phase requires high activation

energy to break these bonds. In other words, to break the bond

between Pd andH atoms so that the H atoms can diffuse out of
the Pd layer, the concentration gradient between the b-phase

Pd:H film and the exposed environment should be sufficiently

high enough to obtain the necessary driving force. As a result,

the radical decrease of S is delayed to below 0.6% H2 ambient

during the desorption process.

Fig. 4(b) reveals the hysteretic behaviors of S when varying

the exposure concentration of H2 from 0 to 2% for Pd thin films

with different thicknesses from 5 to 400 nm. The height of the

hysteresis curve of S according to the varying thicknesses

showed a clear tendency, where the difference between the

values of S in the absorption/desorption processes increased

linearly with respect to the thicknesses of the Pd film until

150 nm and saturated for further increase in the thickness.

Accordingly, the effective region where the (aþ b)-phase

existed narrowed as the film thickness decreased [16]. The

saturation of the sensitivity of Pd thin films with large thick-

nesses can be ascribed to the limit in the depth that H atoms

can penetrate into the Pd layers, and thus phase transition can

only occur near the surface of the thin film. In the course of

the phase transition to b-phase, the octahedral sites of the Pd

system are fully filled with H atoms, thereby expanding the

lattice by approximately 10.9% in volume. However, as the

film thickness decreases, the thin films are confined to

the substrate tightly by the clamping effect, and hence further

absorption of the H atoms and lattice expansion is restrained.

This clamping effect increases as the thickness of the Pd thin

films decreases. It was observed that for the Pd thin film of

5 nm thickness the hysteretic behavior vanished, meaning

that the transition to the b-phase could also be restrained.

Fig. 5 exhibits the sensitivity of the Pd thin film in the a-

phase during the absorption process. The sensitivity

undergoes a gradual increase, which is in good agreement

with the following Sieverts’ law [13,23]:

Sf
H
Pd

¼ 1
Ks

ðpH2Þ1=2; (3)

whereH/Pd is the ratio of the atomic concentrationofH toPd in

thePdeHsystem (which is proportional to S ),Ks is the Sieverts’

constant, and pH2 is the partial pressure of the H2. It should be

noted that inFig. 5, the increase in theslope fordifferent Pdfilm



i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 5 ( 2 0 1 0 ) 6 9 8 4e6 9 9 16990
thicknesses was not accomplished with respect to linear

changes in the film thickness,meaning that the values of Ks do

not show any clear correlation with respect to the film thick-

ness. Specifically, the values of Ks calculated for the film

thicknesses of 5, 20, 50, 100, 150, 400 nm were 21.93, 11.31,

10.95, 15.13, 15.82, and 13.32, respectively. In the a-phase, two

factors that determine the value ofKs are the effective exposed

surface area of the Pd thin film and the penetration depth of H

atoms into the Pd layer. Based on reiterated experimental

results,weattribute the randombehaviorof theKs values to the

penetrationdepthofHatoms into thePd layer, andbelieve that

the optimized thickness of the filmwhere amaximumamount

ofHatomscanbe incorporated is approximately50 nm.Hence,

the highest sensitivity was achieved for 50 nm, followed by

20 nm, and then 400 nm.
4. Conclusions

The relationship between the change in R and the structural

deformation of the thin Pd film due to the phase transition

during the exposure to concentrated H2 was extensively

studied. According to the increase in the concentration of H2,

the phase of the Pd film made a transition into different

phases from the initial a-phase: first to a coexisting phase of a-

and b-phases, where an abrupt change in S was observed and

to a complete b-phase where S saturated at approximately

55%. In the a-phase, the values of S increased in good accor-

dance with the Sieverts’ law. A remarkable hysteretic

behavior of S was achieved during the absorption and

desorption process of H atoms by controlling the environ-

mental conditions of H2 and N2. The hysteretic behavior of S

can be explained by the lower activation energy to break HeH

bonding in the absorption process than that required for the

breaking of PdeH bond in the desorption process. The amount

of variation in R, and thereby in S tends to minimize with

decreasing thickness of the thin Pd film until the thickness

reaches 5 nm for which the hysteretic behavior was termi-

nated. The mechanical deformation of the thin Pd films cor-

responding to the transition of phases from a- to b-phase was

effectively suppressed with decreasing film thicknesses. The

present work reveals the effect of film thickness on the

changes in themechanical and electrical properties of pure Pd

thin film-based sensors, which enables the fabrication of

modified H2 sensors that exhibit high sensitivity, fast

response, and structural stability using pure Pd thin films.
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