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Abstract Cu,S films have been deposited on Pt/TiO,/SiO,/
Si(111) substrates, and annealed at different temperatures in a
vacuum chamber. They were characterized by using X-ray
diffraction and scanning electron microscopy. It was ob-
served that the Cu,S films deposited at room temperature are
well crystallized and the grains are oriented along different
directions. With the increase of the annealing temperature,
the grains of Cu,S films prefer the <001>-orientations, and
the average size of Cu,S films decreases. After annealed at
400°C, the films are completely <00I>-oriented, and the
grain boundaries of Cu,S films become undistinguishable
due to the possible movements of the ions at high
temperature. The resistive ratio of the ‘off” state to the ‘on’
state is about 107 for the memory unit of Cu/Cu,S/Pt
structure with the Cu,S films annealed at 400°C, about 6
orders of magnitude higher than that for the memory unit
with the Cu,S films deposited at room temperature.
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1 Introduction

Bistable conductivity switching phenomenon controlled by
external currents or external voltages have attracted much
attention due to their potential applications for nonvolatile
memory devices [1]. Up to now, this kind of switching
behavior has been found in many materials, such as in
SrTiOs3, NiO, Cu,O, TiO,, La;_,Sr,MnO; etc., although
their working mechanisms may be different due to their
unique material systems [2—7]. The large resistive ratio of
the so-called ‘off” state to the ‘on ‘state is quite favorable
because of the need of a high signal-to-noise ratio for this
kind of memory devices. Recent research works on the
memory devices based on the solid electrolytes(the so-
called ‘fast ion conductor’), such as Ag,S, Cu,S and
RbAgyls, etc., show that the large off/on ratio of the
resistivity could be obtained [8—10]. The conductance
switching of these memory units was ascribed to the
creation or the annihilation of the conducting paths(nano-
metal filaments) in chalcogenide films formed through the
electrochemical reaction between the reactive electrode and
the chalcogenide film as well as the non-reactive electrode
and the chalcogenide film. When a positive pulse higher
than the positive threshold value was applied on the
reactive electrode, the metal atoms of the reactive electrode
will be oxidized and migrates to chalcogenide film.
Correspondingly, the metal ions in chalcogenide film will
be reduced at the interface between the chalcogenide film
and the non-reactive electrode, and the metal atoms will
deposit at the non-reactive electrode. Further, the conduct-
ing paths of metal atoms will be created inside the
chalcogenide film. In this case, the memory unit should
be at the ‘on’ state. If a negative pulse with the amplitude
higher than that of the negative threshold pulse, the metal
ions of chalcogenide film will be reduced at the interface
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Fig. 1 The schematic structure of Cu,S memory device

between chalcogenide film and the reactive electrode, and
migrates to the reactive electrode. Correspondingly, the
metal atoms of the conducting paths will be oxidized and
migrates to chalcogenide film. Further, the conducting
paths inside chalcogenide film will be broken. In this case,
the memory unit should be at the ‘off” state. Generally, the
chalcogenide films, such as Cu,S, were prepared by using
the electrochemical process [8]. First, the metal films Cu
were formed on the substrates through a process of
electrodeposition, and then the metal films will be
sulfidized in Na,S solution. The electrochemical process
and the composition of the films were very difficult to
control, thus the films with pure phase of chalcogenide
could not be obtained easily. Here we demonstrate the
<001>-oriented growth of Cu,S films deposited by using
the pulsed laser deposition(PLD) technique. PLD technique
has been proven to be a powerful tool to grow films of a
wide range of materials, especially the multicomponent
compounds. It is also known that the composition of the
films deposited by PLD is close to that of the target in spite
of some shortcomings, such as the ‘droplets’ on the surface
of the films. We know that the chalcogenide film is hard to
be etched in solution or ‘drily’, so the ‘lift-oft” lithographic
technology is preferred for the fabrication of chalcogenide-
based memory devices. Here, to be compatible with the
‘lift-off” technology, the Cu,S films were deposited at room
temperature, and then annealed at different temperatures.

2 Experimental

The pure Cu,S target was employed for PLD process,
which was prepared at 600°C with pure Cu,S powders
sealed in a vacuum quartz tube. The Cu,S target was
ablated by a KrF excimer laser(Compex 201, Lambda
Physik, 248 nm in wavelength). At a repetition rate of 3 Hz,
the laser beam with an average energy density of about
2.0 J/em® was focused at a 45° angle onto the target, which
was 8 cm away from the substrate. The Cu,S films were
deposited on Pt/TiO,/SiO,/Si(111) substrates, and then
annealed at 200, 300 and 400°C, respectively. The structure
of the films was determined by using X-ray diffraction with
Cu-K« radiation, and the surface morphology of the film
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and the cross-section morphology of the heterostructures
were observed by using scanning electronic microscopy
(SEM). The electric properties of the films were tested by
using a Keithley 236 source-measure unit. For testing the
electric switching property of Cu,S films, a memory device
of the structure Cu/Cu,S/Pt/TiO,/SiO,/Si(111) was em-
ployed. For separating the memory unit with each other, Pt/
TiO,/Si0,/Si(111) substrates were covered with a 200-nm
SiO, layer by using plasma enhanced chemical vaporation
deposition (PECVD) technique before the deposition of
Cu,S films. Then 25 holes with a diameter of 300 nm in a
substrate with the dimension of 10x 10 mm? were drilled to
expose the bottom electrode Pt by using the focused ion
beam (FIB) technique (FEI, Strata FIB201). The top
electrode Ag was prepared by using dc sputtering tech-
nique. The device structure is schematically drawn in
Fig. 1.

Figure 2 shows X-ray diffraction patterns of the Cu,S
films deposited on Pt/TiO,/Si0,/Si(111) substrates by using
PLD technique at room temperature and annealed at 200,
300 and 400°C for 30 min, respectively. For clarity, the
diffraction intensity was plotted in a logarithmic scale. At
room temperature the deposited films are well crystallized
with pure Cu,S phase, and mainly oriented along <101>-
direction as well as <002>- and <004>-directions. When
annealed at 200°C for 30 min, the intensity of the (101)-
diffraction peak decreases a little, and those of the (002)-
and (004)-diffraction peaks increase. After anncaled at
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Fig. 2 X-ray diffraction patterns of the Cu,S films deposited on Pt/
Ti0,/Si0,/Si(111) substrates by using PLD technique at room
temperature (a), and annealed at 200°C (b), 300°C (¢) and 400°C
(d), respectively
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Fig. 3 SEM surface morphology
of the Cu,S films deposited on
Pt/TiO,/Si0,/Si(111) substrates
by using PLD technique at

room temperature (a), and
annealed at 200°C (b), 300°C (¢)
and 400°C (d) for 30 min,
respectively

300°C for 30 min, the Cu,S films were mainly oriented
along <002>- and <004>-directions. After annealed at
400°C for 30 min, the Cu,S films were completely oriented
along <002>- and <004>-directions.

Figure 3 shows the SEM morphologies of the Cu,S films
deposited on Pt/TiO,/SiO,/Si(111) substrates by PLD at
room temperature and annealed at 200, 300 and 400°C for
30 min, respectively. The Cu,S films deposited at room
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Fig. 4 SEM cross-section morphology of the heterostuctures Cu,S/Pt/
TiO,/Si04/Si(111)

temperature were well crystallized, consistent with the
results of X-ray diffraction patterns as shown in Fig. 2.
The surface of Cu,S film is very flat and the average size of
the Cu,S grain particles is about 20 nm. When annealed at
200°C for 30 min, the average size of the Cu,S films
decreases a little. After annealed at 300°C for 30 min, the
average size of the Cu,S grains become much smaller, and
the films seem denser. Finally, after annealed at 400°C for
30 min, the contour of the Cu,S grain particles and the
grain boundaries become undistinguishable. This phenom-
enon may be ascribed to the improved mobility of ions in
Cu,S films at higher temperature. At high temperature, the
solid electrolyte Cu,S shows a good ionic conductivity,
which is from the hoping movements of Ag" ions inside the
electrolyte. Because of the high mobility of ions in Cu,S,
the neighboring grain particles are easy to merge together to
reduce the surface energy, thus resulting in the unclear grain
boundaries. On the other hand, the high annealing
temperature (400°C) also may result in the decomposition
of Cu,S films partly, thus a sulphur-deficient film develops.
Further studies on the microstructures of the annealed Cu,S
films is continued. Figure 4 shows the SEM cross-section
morphology of the heterostuctures Cu,S/Pt/TiO,/Si0,/Si
(111). The thickness of Cu,S film was determined as about
80 nm.

To investigate the effect of the microstructures of the
Cu,S films on its switching properties, the measurements
on the I-V characteristics of the heterostructures Cu/Cu,S/
Pt/TiO,/Si0,/Si(111) as deposited at room temperature and
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annealed at 400°C were both performed, as shown in
Fig. 5(a) and (b). Both figures show clear resistive switching
behaviors of Cu,S memory units. The possible switching
mechanism should be ascribed to the formation and the
annihilation of Cu filaments in Cu,S films, similar with that
suggested by Hasegawa and co-workers [8]. From Fig. 5(a),
the positive threshold voltage, which turns the Cu,S memory
unit with unannealed heterostructures Cu/Cu,S/Pt/TiO,/
Si0,/Si(111) from the ‘off ‘state to the ‘on’ state, is about
0.7 V, and the resistance of the ‘on’ state is determined as
7.0x10° Q.

The negative threshold voltage, which turn the memory
unit from the ‘on’ state to the ‘off” state is about —2 V, and
the resistance of the ‘off” state is determined as 8x 10* €.
So the resistive ratio of the memory unit with the
unannealed Cu,S film between the ‘off” state and the ‘on’
state is about 10. After Cu,S films were annealed at 400°C
for 30 min, the switching properties of the Cu,S memory
unit were improved greatly, as shown in Fig. 5(b). The
positive threshold voltage for the Cu,S memory unit
annealed at 400°C is about 2.4 V, and the resistance of
the ‘on’ state is determined as about 30 2, much lower than
that of the ‘on’ state for the unannealed memory unit. This
should be ascribed to the improvement of the microstruc-
ture of the annealed Cu,S films and the interface between
Pt and Cu,S as well as Cu and Cu,S due to the annealing
process. From Fig. 5(b), the negative threshold voltage for
the memory unit is about —1.6 V, and the resistance of the
‘off” state is about 3x10® Q, much higher than that of the
‘off” state for the unannealed memory unit. This should be
attributed to the reduction of the grain boundaries in the
annealed Cu,S films due to the annealing process, which is
the main origin of the leakage current of the memory unit.
The resistive ratio of the annealed memory unit between the
‘off> state and the ‘on’ state is about 107, six orders of
magnitude larger than that of the unannealed memory unit.
It is also obvious from Fig. 5(a) and (b). that the -V
behaviors in the ‘on’ states between the unannealed Cu,S
memory unit and the annealed Cu,S memory unit are quite
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different. For the unannealed Cu,S memory unit as shown
in Fig. 5(a), the I-V behavior in the ‘on’ state in the region
of the applied voltage 2 V to —2 V is not linear, which
should be attributed to the bad interface between Pt and
Cu,S as well as Cu and Cu,S, thus the barriers of the
charge carriers was formed. While the annealed Cu,S
memory unit shows a good linear behavior in its -V
characteristics in the region of the applied voltage 1.6 V to
—1.6 V, which should be attributed to the disappearance of
the barriers at the interfaces due to the annealing process.

It is reasonably concluded that the post-annealing
process after the deposition of Cu,S films by using PLD
technique will effectively reduce the grain boundaries, and
improve the microstructures of Cu,S films and the interface
of Cu,S memory unit, thus enhancing the switching
properties of Cu,S memory unit.

Acknowledgment This work was financially supported by the 863
project(2006AA03Z303) and the 973 project(2006CB921803).

References

1. K. Szot, W. Speier, G. Bihlmayer, R. Waser, Nature Materials 5,
312 (2006)

2. Y. Tokunaga, Y. Kaneko, J.P. He, T. Arima, Appl. Phys. Lett. 88,
223507 (2006)

3. D.H. Choi, D.S. Lee, H.J. Sim, M. Chang, H.S. Hwang, Appl.
Phys. Lett. 88, 082904 (2006)

4. M. Villafuerte, S.P. Heluani, G. Juarez, G. Simonelli, Appl. Phys.
Lett. 90, 052105 (2007)

5. S. Seo, M.J. Lee, D.H. Seo, S.K. Choi, D.S. Suh, Y.S. Joung, LK.
Yoo, LS. Byun, .LR. Hwang, S.H. Kim, B.H. Park, Appl. Phys.
Lett. 86, 093509 (2005)

6. V.G. Karpov, Y.A. Kryukov, S.D. Savransky, I.V. Karpov, Appl.
Phys. Lett. 90, 123504 (2007)

7. S.T. Hsu, T.K. Li, N. Awaya, J. Appl. Phys. 101, 024517 (2007)

8. T. Sakamoto, H. Sunamura, H. Kawaura, T. Hasegawa, T.
Nakayama, M. Aono, Appl. Phys. Lett. 82, 3032 (2003)

9. K. Terabe, T. Hasegawa, T. Nakayama, M. Aono, Nature 433, 47
(2005)

10. X.F. Liang, Y. Chen, L. Chen, J. Yin, Z.G. Liu, Appl. Phys. Lett.
90, 022508 (2007)



	The <00l>-oriented growth of Cu2S films and its switching properties
	Abstract
	Introduction
	Experimental
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


