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INTRODUNCTION

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 thin�film 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 manganine�based 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 pressure�sen�
sitive element with stable operating characteristics.

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 adhesion�improving chromium sublayer 4
are applied on the surface of the membrane, which is
then covered by pressure�sensitive element 2 in the
form of a single�layer or multilayer film. To the contact
pads, silver push contacts are attached. Rubber seals 5

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 electron�beam evaporation (Fe) in
a VUP�5M 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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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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chromel–alumel thermocouple and a UT�70B volt�
meter). The thickness of the element was measured
with a quartz resonator accurate to 10% and with an
MII�4 interferometer. The resistance was measured
using an ARRA�109 digital voltmeter accurate to
0.06%.

The phase composition was determined by the X�ray
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 pressure�sensitive elements were deter�
mined by the method of low�angle X�ray diffraction [12]
using the X�Pert 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 pressure�sen�
sitive elements must have a high gauge factor and sta�
ble characteristics in the working ranges of pressure
and temperature.

It seems that the pressure�sensitive element is the
easiest to fabricate on the basis of a Cr film, since it
offers good adhesion to the membrane material. It was

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 single�layer to a multilayer system,
since an additional charge carrier scattering mecha�
nism arises in the latter: scattering at interfaces. We
prepared pressure�sensitive layers based on two�layer
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  =

0.360–0.361 nm for Cu and  = 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  =
0.289 ± 0.001 nm.
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Fig. 2. X�ray 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) as�grown and (c, d) annealed (630 K) states (the numbers in parentheses are thickness in nanometers).
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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.

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�

ber: R(p) = R(p0) , 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 X�ray 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. 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 as�grown
states. The data for the Fe(40)/Cr(40)/substrate system are
taken from [15].

Table

[Cr(30)/Cu(30)]2/SiO2 [Fe(6)/Cr(7)]3/Si

Layer d,
nm

σ,
nm Layer d,

nm
σ,

nm

Substrate SiO2 – 1.10 Substrate Si – 1.79

Cu 30.2 1.07 Cr 10.7 0.94

Cr 30.0 3.83 Fe 9.9 0.35

Cu 30.2 1.03 Cr 10.2 1.18

Cr 31.2 1.90 Fe 10.1 0.44
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CONCLUSIONS

Our investigations suggest that Cu/Cr and Fe/Cr
film systems can be used as a sensitive element in pres�
sure sensors. They have a stable phase composition
(namely, fcc Cu + bcc Cr and Fe–Cr solid solution,
respectively) in a wide temperature range.

Analysis of diffusion processes and interface rough�
ness shows that the interface in the Fe/Cr system is
smoother (σ = 0.35–1.18 nm).

REFERENCES

1. V. A. Kagadei, E. V. Nefedtsev, V. I. Proskurovskii,
et al., Pis’ma Zh. Tekh. Fiz. 29 (21), 40 (2003) [Tech.
Phys. Lett. 29, 897 (2003)].

2. C. P. O. Treutler, Sens. Actuators A 91, 2 (2001).
3. D. E. Kirichenko, A. B. Pavolotskii, I. G. Prokhorova,

et al., Zh. Tekh. Fiz. 69 (7), 112 (1999) [Tech. Phys. 44,
839 (1999)].

4. D. Belavic, M. Hrovat, and M. Pavlin, J. Eur. Ceram.
Soc. 21, 1989 (2001).

0.4

0.2

0
680 720 760

1

2

0.4

0.2

0
680 720 760

1

2

0.02

0
680 720 760

1

2

0.2

0
680 720 760

1
2

0.04

Δp, pa

Δ
R

/R

(a)

(c)

(b)

(d)

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.

107

105

103

101

0
0.2 0.6 1.0

107

105

103

101

0
0.2 0.6 0.8

1

2
2

1

γ, deg

I,
 a

.u
.

(a) (b)

Fig. 5. X�ray 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.



574

TECHNICAL PHYSICS  Vol. 55  No. 4  2010

PAZUKHA, PROTSENKO

5. G.�S. Chugn, Sens. Actuators A 135, 355 (2007).
6. A. Amor Ben, T. Budde, and H. H. Gatzen, Sens. Actu�

ators A 126, 41 (2006).
7. Kai Wah Yeung and Chung Wo Ong, Sens. Actuators A

137,1 (2007).
8. G. Schulter, M. Schmitt, D. Goettel, et al., Sens. Actu�

ators A 126, 287 (2006).
9. S.�P. Chang and M. G. Allen, Sens. Actuators A 116,

195 (2004).
10. A. V. Shirinov and W. K. Schomburg, Sens. Actuators A

142, 48 (2008).
11. Teng Lin, Yang Bang Chao, Du Xiao Song, et al., Sens.

Actuators A 118, 222 (2005).
12. V. Holly, V. Pietsh, and T. Baumbach, High�Resolution

X�Ray Scattering from Thin Films and Multilayers
(HPC, Heidenberg, 1999).

13. E. O. Zabila and I. Yu. Protsenko, Ukr. J. Phys. 50, 727
(2005).

14. Phase Diagrams of Binary Metallic Systems: A Hand�
book, Ed. by N. P. Lyakishev (Mashinostroenie, Mos�
cow, 1996) [in Russian].

15. V. V. Bibyk, L. V. Odnodvorets, and I. A. Shpetnyi,
Vestn. Sumsk. Univ., Ser.: Fiz., Mat., Mekh., No. 9
(93), 91 (2006).

16. D. V. Velikodnyi, T. Grichanovskaya, L. V. Odnod�
vorets, et al., Vestn. Sumsk. Univ., Ser.: Fiz., Mat.,
Mekh., No. 1, 5 (2007).

17. D. V. Velikodnyi, S. I. Protsenko, and I. E. Protsenko,
Fiz. Inzheneriya Poverkhnosti 6, 37 (2008).

18. S. Kundu, Nucl. Instrum. Methods Phys. Res. B 242,
542 (2006).

19. I. A. Garifullin, N. N. Garif’yanov, and R. I. Salikhov,
Izv. Ross. Akad. Nauk, Ser. Fiz. 71, 280 (2007).

20. M. Marszalek, V. Tokman, S. Protsenko, et al., Vac�
uum, No. 10, 1051 (2008).

SPELL OK



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /RUS ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


