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We investigated the effect of the electrode on the resistive switching property of (Cu, Zn, Pt)-Cu,S-W structures
to clarify the role of metallic ions and electrodes in forming conductive paths in solid-electrolytes and also
to improve the switching property. Notably, Zn-Cu,S-W and Pt-Cu,S-W structures that lack of oxidizable
metal electrodes exhibited bipolar switching characteristics, and practically preferable switching properties
with appropriately higher a turn-ON voltage and resistance were achieved for Zn-Cu,S-W in comparison
to Cu-Cu,S-W with too low turn-ON voltage. In contrast, the degrading evolution of switching was observed
in Pt-Cu,S-W. A simplified but convincing model is also suggested and discussed to explain the observations.
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1. INTRODUCTION

Resistive switching devices based on solid-electrolyte
materials are highly interesting owing to the advantages of
high endurance, low operation voltage and stable switching
behavior'! and the filament model has been adopted to
explain these switching behaviors.””’ Among the solid-elec-
trolyte materials (GeTe,'! AgS,” GeSeAg®” GeTeAg,”
GeS,"* and ZnCdS"™), only a few reports on Cu,S has been
made. The resistive switching characteristics of the Cu,S
layer with a low turn-ON voltage (Voy) of < ~0.1 V, which
may cause practically incorrect switching was introduced!"”
and it was clarified that the fast migration of Cu ions induced
the low Voy of the Cu-Cw,S device."" Also, there was an
attempt to replace Cu,S with Ta,O in order to enlarge Voy."™
The structural and electrical switching properties of copper
sulfide layers with various material compositions by sulfur-
izing a Cu layer were reported."”! The role of the electrode in
the switching mechanism of oxide resistive switching
devices should also be considered to properly understand
and to optimize the switching property."* However, Cu (or
Ag) has been employed as an active electrode in solid-elec-
trolyte switching devices."”'""! In this report, the effect of the
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electrode on the resistive switching property of Cu.S layers
with various bottom electrode (BE) materials, such as Zn, Pt
and Cu, was investigated.

2. EXPERIMENTAL PROCEDURE

All samples were fabricated by RF sputtering (LA440)
with a Cu,S sputter target. Various metals (Cu, Zn, and Pt)
were employed for BEs. SiO, (100 nm) layers thermally oxi-
dized on 6 inch (100) silicon wafers were used as substrates.
Particularly, during the Cu,S deposition process, we inten-
tionally applied a positive bias to the BE layer. The objective
of this positive bias was to induce the diffusion of copper
ions in the Cw,S layer in order to produce an asymmetric Cu/
S ratio distribution.”! The substrate temperature was fixed at
room temperature. Cu (30 nm), Zn (30 nm), and Pt (30 nm)
BE layers were deposited on the different substrates as a BE,
and copper sulfide (50 nm) films were grown as a switching
layer. We employed a W (tungsten) probe with an area of
5 x 5 mm’as a top electrode (TE). The structural property of
the Cu,S layers was characterized by high-angle X-ray dif-
fraction (HXRD) scanning electron microscope (SEM), and
X-ray photoelectron spectroscopy (XPS). The XRD mea-
surement was performed by the conventional 26 scan at 26 =
25°~80°1in a thin film mode (Philips Expert Pro) and the
thickness and composition of the samples were determined



Atomic concetration (%)

0 5 10 15 20

Sputtering time (min @ 2kV, Ar)

S.-J. Choi et al.: Resistive Switching Property of Copper Sulfide and its Dependence on Electrode

e
C (s Cu-Cu S-W ]
1.5 : -

1.0 4

Cw/'S ratio

Sputtering time (min, @ 2kV, Ar)

Fig. 1. XPS measurements of Cu,S layers on (a) Cu, (b) Zn and (c) Pt BEs. (d)-(f) Cu/S ratio profiles of the devices along to the depth.

by SEM and energy dispersive spectrometry (EDS). The
electrical properties were measured at room temperature
using an HP 4156B precision semiconductor parameter ana-
lyzer.

3. RESULTS AND DISCUSSION

The XRD measurements revealed no differences among
the CusS films on the different electrodes. The EDS mea-
surements of the prepared Cu,S film revealed that the ratio
of Cuto S was about 1.81 at the top. However, the XPS mea-
surement of the prepared Cu,S films shown in Fig. 1(a)-(f)
revealed that the expected asymmetric distribution of the Cu
to S ratio was induced by the bias during sputtering. Conse-
quently, the Cu composition with regard to S has a negative
compositional gradient along the depth to the BE. We
recently reported that such an asymmetric distribution of
metal atoms/ions in these types of device actually deter-
mines the switching polarity."”!

Fig. 2 show the I-V curves of the samples without any pre-
treatments. Bias voltage was applied to the TE, whereas the
BE was grounded. By applying a negative bias, it was possi-
ble to make the ionized Cu ions migrate to the BE in order to
form the conductive filaments. In Fig. 2, there are two nota-
ble features. First, all the devices show the bipolar switching
behavior and have the same switching polarity regardless of
BE. Secondly, the Pt-Cu,S-W structure exhibits non-Ohmic
ON-state switching, which will be discussed later.

Note that the bipolar switching behaviors of Zn-Cu,S-W
and Pt-Cu,S-W suggested that the excessive Cu ions in the
Cu,S lattices participate in the formation of the conductive
filament even without the oxidizable electrode Cu. This indi-
cates that an oxidizable electrode is not required when a
Cu,S layer is employed for a resistive switching material
because the Cu,S layer acts as a Cu source. Accordingly, Cu-
Cu,S-W with the additional Cu source demonstrated a lower
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Fig. 2. I-V measurements of (a) Cu-Cu,S-W, (b) Zn-Cu,S-W, and (c)
Pt-Cu,S-W at 300 K. The arrows indicate the sweeping directions.

Vow for the formation of filaments and a lower overall resis-
tance than that of Zn-Cu,S-W. The identical switching polar-
ity for all the devices with the similar compositional
gradients implies that the switching polarity is determined by
the distribution of Cu ions in the solid electrolyte, not by the
location of Cu electrode. Also, it should be noted that a rea-
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sonably high Voy of ~0.5 V and an operation voltage of ~0.9
V were achieved by employing Zn instead of conventional
Cu. This higher Voy is advantageous over the low Voy (~
0.15 V) of the Cu-Cu,S-W structure, which may cause incor-
rect switching."*'"" This can be qualitatively attributed to
both the lack of an additional source of Cu ions and the low
Cu concentration of the Cu,S layer in the Zn-Cu,S-W
device.

In order to explain the switching behaviors, we employed
a model in which the effective total area of the Cu bridges
increases with the applied voltage."" Fig. 3(a) shows the sim-
plified schematics of the modeled devices for various
applied voltages along with the corresponding equivalent
circuits. Total device resistance and the behavior of the
dimensions of the Cu bridge can be described by the follow-
ing equations,
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where, poos (4.615 x 107 Qm) and pe, (1.72 x 10 Qm)
are the resistivity of Cuw,S and Cu, respectively. L, A, Ly,
and Ac, are the thickness of the Cu,S layer (50 nm), the top
electrode area (5 x 5 mm’), the length of the conducting Cu
bridge, and the effective area of the conducting Cu bridge,
respectively. Acy max (= 8 x 8 nm’) and V., are the Cu bridge
area for the maximum ON-state current and the maximum
applied voltage, respectively. We determined the empirical
parameters ¢ (= 1.6) and S (= 1) by fitting the experimental
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values to the equations, which contain the information on the
switching time dependence!” and the migration rate of the
metal ions. But those parameters were not considered in this
work in order to focus mainly on the fundamental operation
scheme. An abrupt increase in the current for Voy can be
attributed to the large difference in resistivity between Cu,S
and Cu. In general, the experimental values are in a good
agreement with those simulated by the model as shown in
Fig. 3(b) and (c).

Next, we discuss the switching characteristics of Pt-Cu,S-
W. In the case of (Cu, Zn)-Cu,S-W, the resistive switching
characteristics was reliably reproduced throughout the suc-
cessive voltage sweeps. However, the Pt-Cu,S-W structure
has a critical problem with regard to non-volatility. As
already shown in Fig. 2 (c), the ON-state is not Ohmic. Fur-
thermore, after being turned ON, a degrading evolution of
the ON-state current of the Pt-Cu,S-W structure was
observed in subsequently repeated measurements, in which
the voltage sweeping direction was0 V—>-0.5V—->0V >
—0.5 V. The ON-state was not maintained even without
applying a reset bias (turn-OFF voltage). This suggests that
the filament that was once connected was not completely dis-
rupted but was partially_disconnected with a lower or no
applied voltage. We suspect that it can be attributed to Pt’s
high affinity for Sulfur."®

To further clarify these observations, we assumed that the
small portion of Cu filament in the vicinity of the Pt layer
was narrowed. Fig. 4(a) provides the schematics to explain
the different ON-state I-V behaviors of the Zn-Cu,S-W and
Pt-Cu,S-W. The narrowed portion of the filament in the Pt-
Cu,S-W was assumed to have a thickness of Lepce and an
area of Agpce. Employing this model, we calculated the ON-
state current behavior of the (Zn,Pt)-Cu,S-W by the parallel
resistance model and the following equation with various
Acy_min values and a fixed Lgper (see Fig. 4(a)).
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Fig. 3. (a) Schematics to show the formation of Cu conductive bridges at various input signals, and comparison of simulated /-¥ curves with the

experimental for (b) Zn-Cu,S-W and (c¢) Pt-Cu,S-W at 300 K.
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Fig. 4. (a) Schematics to show the different behaviors of ON-state I-V curves. Comparisons of the simulated and experimental curves for (b) Zn-
Cu,S and (c) Pt-Cu,S-W. (d) Simulated /-V curves for various areas of the narrowed portion of the Cu filament.
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where, x (= 10) is a fitting parameter that also contains the
information on the switching time dependence'* and migra-
tion rate of the metal ions as we mentioned previously.
Acy_min and V.. are the areas of the locally narrowed Cu fil-
ament at the edge and the maximum operation voltage,
respectively.

As shown in Fig. 4(d), the barely scarcely connected Cu
filament at the Pt-Cu,S interface (Lgpge=0.2nm and
Acu min=0.3 0.3 nm’) faithfully reproduces an observed
relaxing ON-state I-V characteristics. Therefore, Pt’s strong
tendency to bond with Sulfur is believed to compete with the
Cu-Pt bondings" to reduce locally the effective area of the
Cu filament at the Pt-Cu,S interface. On the contrary,
Zn-Cu;S-W  produced a stable and reliable ON/OFF
switching behavior presumably because Zn has an excellent
chemical adhesive property with Cu because Cu has high
solubility in Zn. This implies that the various bottom
electrodes can be applied to the fabrication of solid-
electrolyte devices when a compositional gradient can be
formed, which shows the possibility of improving the
process compatibility with the concomitant operational
advantages.

4. CONCLUSIONS

In conclusion, the effect of the BE material on resistive
switching of (Cu,Zn,Pt)-Cu,S-W device structures was inves-
tigated. Zn-Cu,S-W and Pt-Cu,S-W structures that do not
even contain an oxidizable metal electrode exhibited the
bistable switching characteristics owing to excessive Cu
contents and the asymmetric distribution of those Cu
elements in the solid electrolyte. These results indicates that
the switching polarity is not determined by the asymmetric

electrode but by the asymmetric distribution of the active
(Cu or Ag) elements in the solid electrolyte. Moreover, a
practically better switching behavior (appropriately larger
Vo) was achieved from Zn-Cu,S-W compared to
Cu-Cu,S-W, which generated too low Von. However, the
degrading evolution of the switching characteristics was
observed in Pt-Cu,S-W, which may be related to Pt’s high
affinity for Sulfur. The distinct /-V characteristics were
explained by the suggested model and this model indicates
that the non-volatile property is determined by the bonding
property at the solid-electrolyte/metal interface.

REFERENCES

1. M. N. Kozicki, C. Gopalan, M. Balakrishnan, M. Park, and
M. Mitkova, Proc. Symp. on Non-Volatile Memory Tech-
nology, p. 10, Florida, U.S.A (2004).

2. R. Waser, R. Dittmann, G. Staikov, and K. Szot, Adv. Mater:
21, 2632 (2009).

3. M. N. Kozicki, M. Park, and M. Mitkova, IEEE Trans.
Nanotechnol. 4,331 (2005).

4.8S.J. Choi, J. H. Lee, H. J. Bae, W. Y. Yang, T. W. Kim, and
K. H. Kim, /[EEE Elec. Dev. Lett. 30, 2 (2009).

5. Z. Xu, Y. Bando, W. Wang, X. Bai, and D. Golberg, ACS
nano 4,2515 (2010).

6. M. N. Kozicki, M. Mitkova, M. Park, M. Balakrishnan, and
C. Gopalan, Superlattices and Microstructures 34, 459
(2003).

7.R. Y. Kim, H. G. Kim, and S. G. Yoon, Appl. Phys. Lett. 89,
102107 (2006).

8. M. N. Kozicki, M. Balakrishan, C. Gopalan, C. Ratnaku-
mar, and M. Mitkova, Proc. Symp. on IEEE Non-Volatile
Memory Technology, P. 83, Texas, U.S.A(2005).

9. Z. Wang, P. B. Griffin, J. McVittie, S. Wong, P. C. McIn-
tyre, and Y. Nishi, /EEE Elec. Dev. Lett. 28, 14 (2007).

10. T. Sakamoto, H. Sunamura, H. Kawaura, T. Hasegawa, T.
Nakayama, and M. Aono, Appl. Phys. Lett. 82, 3032

Electron. Mater. Lett. Vol. 7, No. 4 (2011)



S.-J. Choi et al.: Resistive Switching Property of Copper Sulfide and its Dependence on Electrode 317

(2003). 14. W. Y. Yang and S. W. Rhee, Appl. Phys. Lett. 91, 232907
11. N. Banno, T. Sakamoto, T. Hasegawa, K. Terabe, and M. (2007).

Aono, Jpn. J. Appl. Phys. 45, 3666 (2006). 15. S.J. Choi, G. S. Park, K. H. Kim, S. Cho, W. Y. Yang, X. S.
12. N. Banno, T. Sakamoto, N. Iguchi, H. Sunamura, K. Ter- Li, J. H. Moon, K. J. Kim, and K. N. Kim, 4dv. Mat. 23,

abe, T. Hasegawa, and M. Aono, IEEE Trans. Elec. Dev. 3272 (2011).

55, 3283 (2008). 16. Y. Han, H. V. Huynh, and G. K. Tan, Organometallics 26,
13. M. Kundu, T. Hasegawa, K. Terabe, and M. Aono, J. Appl. 4612 (2007).

Phys. 103, 073523 (2008).

Electron. Mater. Lett. Vol. 7, No. 4 (2011)




<<
  /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 /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo 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
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /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 ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /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 <>
  >>
  /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


