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Abstract—A pressuresensitive element based on Fe/Cr or Cu/Cr film composition is described. The role of
interdiffusion and phase formation is discussed, and the interface stability is studied.
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The thermoresistive, tensoresistive, magnetoresis
tive, optical, etc., properties of thin films remain an
object of intense research, since they are viewed as
candidate materials for sensitive elements in different
sensors [1–7]. Here, the point in question is the feasi
bility of thinfilm tensoresistors [4, 8].
Tensoresistors are applied not only in strain gauges,
they can also be used as sensitive elements of pressure
sensors, which are finding application in measuring
the pressure in fluids; under high humidity conditions;
in the presence of vibration, impacts, overloading; etc.
[7, 9–11]. For example, the developmental prototype
of a pressure sensor based on In and Sn films was sug
gested in [7]. This sensor has piezoresistive coefficient
k = –4.3 × 10–11 Pa–1, which corresponds to gauge fac
tor γ = –2.8 and allows one to measure the pressure in
the range (–6…+6) × 104 Pa.
In [11], a manganinebased sensitive element for a
pressure sensor was suggested that offers a high
piezoresistive coefficient (k = 17.3 MPa–1) and can
measure a considerable pressure drop.
If a film system is used as the sensitive element of a
sensor, the operating stability of the sensor will be to a
great extent determined by processes at interfaces.
Therefore, we conducted a series of experiments
aimed at studying the processes of phase formation
and atomic interdiffusion, which influence the inter
face stability, with the aim of creating a pressuresen
sitive element with stable operating characteristics.

provide good fixation of the push contacts on the sur
faces of the contact pads.
The sensitive element was applied on the mem
brane and contact pads by thermal evaporation (Cu
and Cr layers) and electronbeam evaporation (Fe) in
a VUP5M vacuum chamber (a residual gas pressure
of ~10–4 Pa) with rates ω = 2.0–2.5 (Cu), 0.2–
0.8 (Cr), and 2–3 (Fe) nm/s. The substrate tempera
ture was kept at 300 K (it was measured using a
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EXPERIMENTAL
Figure 1 shows the setup used to study the physics
of a pressure sensor, the operating part of which is thin
(d = 0.5 mm) PTFE membrane 1. Copper contact
pads 3 with adhesionimproving chromium sublayer 4
are applied on the surface of the membrane, which is
then covered by pressuresensitive element 2 in the
form of a singlelayer or multilayer film. To the contact
pads, silver push contacts are attached. Rubber seals 5
570

Fig. 1. (a) Schematic of the pressure sensor and (b) princi
ple of its operation: (1) PTFE membrane, (2) sensitive ele
ment, (3) copper contact pads, (4) Cr film, (5) rubber
seals, and (6) vacuum chamber wall. p0 and pat are the
residual pressure and atmospheric pressure, respectively.
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Fig. 2. Xray diffraction patterns taken of the film (a, c) [Cu(30)/Cr(30)]2/substrate and (b, d) [Fe(10)/Cr(10)]2/substrate sys
tems in the (a, b) asgrown and (c, d) annealed (630 K) states (the numbers in parentheses are thickness in nanometers).

chromel–alumel thermocouple and a UT70B volt
meter). The thickness of the element was measured
with a quartz resonator accurate to 10% and with an
MII4 interferometer. The resistance was measured
using an ARRA109 digital voltmeter accurate to
0.06%.
The phase composition was determined by the Xray
diffraction method with an X’Pert PRO instrument,
and diffusion processes were studied by secondary ion
mass spectrometry. The surface and interface rough
nesses of the film pressuresensitive elements were deter
mined by the method of lowangle Xray diffraction [12]
using the XPert Reflectivity program package.
RESULTS AND DISCUSSION
The sensor exploits the tensoresistive properties of
the sensitive element (Fig. 1b): when the pressure in
the working volume changes relative to the ambient
(atmospheric) pressure, the elements deform, gener
ating mechanical stresses, which change the resis
tance. Thus, materials used to fabricate pressuresen
sitive elements must have a high gauge factor and sta
ble characteristics in the working ranges of pressure
and temperature.
It seems that the pressuresensitive element is the
easiest to fabricate on the basis of a Cr film, since it
offers good adhesion to the membrane material. It was
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shown however [13], that the gauge factor of Cr ele
ments reaches 40 only in the plastic strain range (ε1 =
10%); therefore, chromium cannot be used as a mate
rial for the sensor, since it can stably operate only in
the elastic strain range.
A possible way of increasing the gauge factor is the
transition from a singlelayer to a multilayer system,
since an additional charge carrier scattering mecha
nism arises in the latter: scattering at interfaces. We
prepared pressuresensitive layers based on twolayer
and multilayer Cu/Cr and Fe/Cr film systems. The
lower Cr layer having a high adhesion to the mem
brane was covered by the upper Cu or Fe layer.
The film structures were selected from the follow
ing reasoning. According to related phase diagrams
[14] and the data for phase states (Fig. 2) and diffusion
(Fig. 3) in the systems we are interested in, the layers
of the Cu/Cr system keep their inherent properties
and the phase composition of the system as a whole is
stable (fcc Cu and bcc Cr, lattice parameters a =
0.360–0.361 nm for Cu and a = 0.288–0.289 nm for
Cr at relatively high temperatures), while the Fe/Cr
system produces a Fe–Cr solid solution even at the
condensation stage, which persists after annealing at
630 K and has a bcc lattice with lattice parameter a =
0.289 ± 0.001 nm.
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Figure 4 shows typical performance characteristics
of the pressure sensor. The curves are seen to have two
distinct portions, one of which is nearly linear. As Δp
grows, so does relative variation of resistance ΔR/R,
which is a graphic manifestation of the tensoresistive
effect. In the second portion, the resistance varies with
pressure nonmonotonically. The linear portion corre
sponds to pressures from 20 to 40 Pa in the vacuum
chamber; therefore, the sensor can be used for mea
suring forevacuum pressure in vacuum setups. The
reason for the drastic rise in the resistance in the sec
ond portion is a change in the rate of working chamber
evacuation when the pumping facility is adjusted to a
high vacuum.
From the performance characteristics, we calcu
lated pressure coefficient of resistance βp = R–1dR/dp.
In the Cu/Cr system, β varies between 1.50 × 10–3 and
0.12 × 10–3 Pa–1 for thicknesses d = 50–120 nm; in the
Fe/Cr system, between 0.50 × 10–3 and 0.35 × 10–3 Pa–1
for d = 40–80 nm.
The presented performance characteristics do not
allow us to directly measure the pressure during the
operation of the device; however, bearing in mind the
definition of the pressure coefficient of resistance and
carrying out simple mathematical transformations,
one can obtain a dependence of the resistance of the
sensitive element on the pressure in the vacuum cham
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Fig. 3. Diffusion profiles of the relative concentra
tion for the film (a) Cu(80)/Cr(40)/substrate and
(b) Fe(40)/Cr(40)/substrate systems in the asgrown
states. The data for the Fe(40)/Cr(40)/substrate system are
taken from [15].

In addition, it was found [6] that coefficient γl for
the Cu/Cr system increases from γl = 2–4 (the total
thickness of the sample is d = 30 nm) to γl = 22–28
(d = 60 nm). This takes place both at a constant thick
ness of the Cu layer and when the Cr layer gets thicker.
For the Fe/Cr system, γl is typically equal to 15–20
[17]. Thus, Cu/Cr and Fe/Cr systems are promising
for sensitive elements of both strain gauges and pres
sure sensors.
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ber: R(p) = R(p0) e p , where R(p0) is the resistance at
atmospheric pressure. Atmospheric pressure pa was
measured with a standard barometer.
The stable operation of any sensor (including a
pressure sensor) in which a multilayer film system
serves as a sensitive element depends on the quality of
interfaces, which was analyzed with regard to recom
mendations given in [18].
Figure 5 exemplifies Xray reflectometry data for
the [Cr(30)/Cu(30)]2/SiO2 and [Fe(10)/Cr(10)]2/Si
systems, and the table lists the calculated thicknesses
of the layers and roughnesses σ of the interfaces.
As follows from Fig. 5a, interface roughness σ for
the Cu/Cr system varies between 1.07 and 1.53 nm at
room temperature. These values are in agreement with
the results obtained in [18, 19] for Fe/Nb/Fe [19] and
A/Co [18] systems with restricted mutual solubility
(σ = 0.9–1.2 nm at Ta ≤ 270 K and 1.5–4.5 nm at Ta =
270–530 K) and support the conclusion that the inter
face roughness in the systems studied is fairly high.
This may deteriorate the stability of sensitive elements
on their basis. The interface roughness obtained for
the Fe/Cr system (σ = 0.35–1.18 nm, Fig. 5b) agrees
with the results obtained in [20] for the Fe/Cr system
(σ ≅ 0.2 nm) and Cr/Fe system (σ ≅ 0.8 nm) and also
with the results obtained in [19] for the Fe/V/Fe sys
tem (σ ≅ 0.3 nm). Thus, the interface roughness in the
Fe/Cr system, in which a Fe–Cr solid solution forms
throughout its volume, may be lower than in the
Cu/Cr system, in which the layers keep their specific
properties.
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Fig. 4. Performance characteristics of pressure sensors based on (a) [Cu(20)/Cr(20)]2/substrate, (b) [Cu(10)/Cr(15)]2/substrate,
(c) [Fe(15)/Cr(15)]2/substrate, and (d) [Fe(10)/Cr(10)]2/substrate systems. Δp = pat – p0.
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Fig. 5. Xray reflectometry data curves for the film (a) [Cr(20)/Cu(20)]2/SiO2 and (b) [Fe(10)/Cr(10)]2/Si systems (γ is the
angle). (1) Experiment; 2, numerical simulation.
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