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ABSTRACT: We report the improved thermal stability of carbon
alloyed Cug4Tey, for resistive memory applications. Copper—
tellurium-based memory cells show enhanced switching behavior,
but the complex sequence of phase transformations upon
annealing is disadvantageous for integration in a device. We
show that addition of about 40 at % carbon to the Cu-telluride
layer results in an amorphous material up to 360 °C. This material
was then integrated in a TiN/CugysTey,-C/ALO;/Si resistive
memory cell, and compared to pure CuysTe,,. Very attractive
endurance (up to 1 X 10° cycles) and retention properties (up to 1
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X 10* s at 85 °C) are observed. The enhanced thermal stability and good switching behavior make this material a promising

candidate for integration in memory devices.
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B INTRODUCTION

The increasing demand for smaller, faster, and less-power-
consuming memories has driven research for new types of
memories. Among the emerging technologies, resistive random
access memory (RRAM) seems very promising, combining low
power and fast operation with good scalability." One type of
RRAM is conductive bridge RAM (CBRAM). Such a memory
cell consists of a Cu or Ag containing electrode which acts as a
cation source, an insulating layer that serves as electrolyte for
metal cation drift, and an inert electrode. Applying a positive
electrical potential on the active electrode induces cation drift
through the insulating layer."” A conductive filament is grown
and the cell switches to a low resistive state (LRS) when the
filament bridges the two electrodes. By applying a negative
potential, the cations drift back to the supply layer and the cell
returns to a high resistive state (HRS). For the electrolyte layer,
chalcogenide materials like Ag;_S,3 CuZS,4 GeSe,>° and GeS’
and organic materials® have been used. Recently, binary metal
oxides like HfO,,” Ta,0s,> Zr0O,,'° $i0,""'* and AL O,"* were
introduced and are very promising because of their high
compatibility with the fabrication of complementary metal
oxide semiconductor (CMOS) devices. Next to pure Cu or Ag
as active electrode, alloys containing Cu have been
reported.M’15 Very good memory properties have been
demonstrated for the Cu—Te alloy,'”> moreover a strong
influence of the Cu—Te composition on the switching
properties of a Pt/Cu,Te,_,/Al,O3/Si memory cell was
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shown, with enhanced switching behavior in the range 0.5 <
x < 0.7"% (henceforth referred to as CuyTe,,). However, the
thermal stability of Cuy¢Tey, turns out to be limited, showing
multiple phase transitions upon annealing.'® For integration in
a device, a material that is stable up to 400 °C is necessary. In
this work, we use carbon as an alloying element to stabilize the
Cuy¢Tey, source layer. Carbon is chosen because it does not
form a carbide phase with Cu or Te, and hence will not
introduce new phases next to the copper telluride phases. We
show that the alloying element inhibits the phase formation up
to 360 °C, creating a large thermal window where no
transformation of the material occurs. The material is then
used as a Cu-supply layer in a CBRAM cell, showing good
switching behavior as deposited and after annealing for S min at
200 °C. The improved thermal stability and good switching
behavior make this material a promising candidate for
integration in memory devices.

B EXPERIMENTAL SECTION

The mixed Cu—Te—C layer is deposited by DC-magnetron sputtering,
using a commercial Balzers BAS 450 deposition tool. Materials
properties were investigated on n-doped Si(100) substrates, covered
with a 20 nm thin AL, Oj layer, deposited by an H,O-based Atomic
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layer deposition (ALD) technique. The substrates are mounted on a
rotating carousel in the deposition chamber with a base pressure of 5 X
1077 mbar. The layer is then deposited by cosputtering from three
different sputter targets. The substrates on the rotating carousel pass
subsequently in front of each sputter target, resulting in a closely
intermixed Cu—Te—C layer. The composition of the layer was
determined by energy-dispersive X-ray spectroscopy (EDX), using a
FEI Quanta 200F FEG scanning electron microscope (SEM) equipped
with an Edax Genesis 4000 EDX detector. Additionally, X-ray
fluorescence spectroscopy (XRF) was used to verify the Cu and Te
content (carbon cannot be detected with XRF). The composition
could be determined after calibrating both systems using a reference
sample that was characterized by Rutherford backscattering spectros-
copy (RBS) and elastic recoil detection (ERD) for the Cu/Te and Cu/
C ratio, respectively. X-ray photoelectron spectroscopy (XPS) was
used both for investigation of the chemical bonds between Cu, Te and
C and for composition determination. These are carried out on an S-
Probe monochromatized XPS spectrometer of Surface Science
Instruments (VG), using monochromatic Al K, radiation (1486.6
eV) under a base pressure of 1 X 10~ mbar. The photoelectron
emission direction and the plane of the sample is kept constant at 45°.
Depth profiling and hence information about the bulk of the material
was obtained by abrasion of the surface by Ar* sputtering. Charging of
the sample was eliminated using an electron flood gun.

Table 1 summarizes the results of the composition determination
using these techniques. A Cu/Te ratio of 1.5 was pursued, as this ratio

Table 1. Composition of the 50 nm Cu—Te—C Mixed Layer
Determined by EDX, XPS, and XRF

C (at %) Cu (at %) Te (at %)
EDX 36.3 393 24.4
XPS 34.1 42.5 23.4
XRF 60.96 39.04

showed enhanced switching behavior,'® whereas the carbon content
was aimed to be about 40 at %. A nearly perfect 1.5 ratio of copper and
tellurium is obtained, and the carbon content is close to 40 at %.
Henceforth this composition will be referred to as CuygTey4-C.

The stability of the material against phase transformations is
investigated by means of in situ X-ray Diffraction (XRD). A material
which is stable and does not transform under annealing is favorable to
survive the thermal budget it receives in the process flow of device
manufacturing. In situ XRD allows us to characterize the phase
formation as function of temperature and hence gives us information
about the thermal stability. A home-built setup consisting of a heating
chamber mounted in a Bruker D8 Discover XRD system is used. The
samples are subjected to a constant heating rate of 0.5 °C/s under an
inert He atmosphere while a diffraction pattern was recorded every 4 s
over a fixed 26 window.

To study the microstructure of the material, the samples are
investigated by high-resolution transmission electron microscopy (HR-
TEM), using a FEI Technai F30 ST microscope. The TEM specimen
were prepared with a FEI Dual Beam FIB/SEM STRATA 400, using
the in situ lift-out technique, and milled electron transparent with a 30
keV Ga* ion beam. A spin on carbon (SOC) and Pt layer were
deposited prior to the lift-out, to protect the surface from Ga" beam
damage.

Next to the material properties, the functionality of the stabilized
Cuy4Tey4-C layer as a Cu-supply layer in CBRAM is investigated. The
Cuy6Tep4-C is integrated in a 580 pm diameter CBRAM cell and the
resistive switching behavior is compared to a memory cell with pure
CupgTegy. The cells are prepared by subsequently magnetron
sputtering of SO nm Cuy¢Teg,4(-C) and 50 nm TiN through a dot
shadow mask on a Si substrate covered with 3 nm thin Al,O;. The
memory cells are characterized using a Keithley 2601A sourcemeter,
operating in linear voltage sweep mode, with a constant sweep rate of
0.33 V/s. The cells are switched to a LRS and HRS by applying a
double linear voltage sweep from respectively 0 V to +3 V (and back)
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and 0 V to —3 V (and back). During the set operation, the current is
limited to 100 uA (compliance current I) to protect the cell from
breakdown.

B RESULTS AND DISCUSSION

Thermal Stability. Figure 1a compares the XRD patterns of
the pure and carbon alloyed as deposited CuyTey4(-C) layer.
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Figure 1. (a) XRD pattern of a Cuy¢Tey,/ALO; and CuyTey,-C/
ALO; (50 nm/20 nm) sample. (b) HR-TEM image of a pure and a
carbon alloyed TiN/Cuy¢Tey,4(-C)/Al,O; (40/15/4 nm) sample,
showing the Cug¢Tey4(-C) layer.

The (003) and (006) peaks of hexagonal Cu, ,Te'” at 12.28
and 24.72°, respectively, are clearly visible for pure CuygTe,.
In contrast, no diffraction peaks are observed for the Cuy¢Te 4
C, suggesting it is in an amorphous state. The amorphous
nature of the Cuy4Tey,-C is also confirmed by TEM. Figure 1b
shows the HR-TEM images of both layers. Although for the
pure Cuy¢Tey, the presence of Moiré fringes confirms the
polycrystalline nature of the film, the C-alloyed layer instead
evidently misses these Moiré fringes and therefore is
amorphous or very small grained. HR-TEM reveals the
presence of some small nanocrystals, which cannot be detected
by XRD. From these results, it is clear that already during
deposition the carbon atoms suppress the formation of a
polycrystalline Cu—Te layer.

Figure 2 shows the XPS spectra of the C 1s, Cu 2p*?, and Te
3d%? regions of both samples. The peaks for bulk C, Cu and
Te, measured from a reference sample fabricated by magnetron
sputtering of the pure elements on 100 nm SiO,, are also
shown. All spectra are calibrated to the C 1s transition at 284.6
eV of the hydrocarbon from contamination on the sample
surface. The maximum of the carbon 1s peak of bulk carbon is
situated at 284.4 eV, whereas the carbon peak for the
Cug4Tey4-C sample is slightly shifted over 0.25 eV toward
lower energies. However, with a maximum at 284.15 eV, this is
still in the reported range for C—C bonds.'® > This suggests
that the carbon is mainly bonded with other carbon atoms. This
was to be expected as no carbides are formed with Cu and Te.
The pure Cu 2p*? and Te 3d%? peaks are located at
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Figure 2. XPS measurement showing the C 1s, Cu 2p*? and Te 3d%?
peaks. In each graph, the reference peak of pure C, Cu, or Te is given
and the measured peak of both the Cuy4Te(,-C and Cuy¢Te,, sample.

respectively 932.25 and 572.9 eV. For pure CuycTey,,
hexagonal Cu,_,Te is observed by XRD (see Figure la) and
reveals the presence of Cu—Te bonds. In the XPS spectra, this
is visible as a shift of the Cu 2p*? peak toward higher energy
(932.6 eV, Cu is oxidized) and a shift of the Te 3d%? toward
lower energy (572.5 eV, Te is reduced). The shifts are rather
small, as reported in literature for tellurides.”’”** For
Cuy¢Teg4-C, the peaks are also shifted with respect to the
pure Cu and Te (932.7 eV for Cu 2p*? and 572.65 eV for Te
3d*?), and small differences with Cuy4Te,4 are observed. It is
very difficult to unambiguously analyze the difference between
CuygTeg4-C and Cuy4Tey,, but the slightly shifted Cu peak
might be related to a mix of Cu(I) and Cu(II) oxidation states
in Cuy¢Tey4C, while merely Cu(l) is expected in CuysTey,
due to the Cu,_,Te phase.”’ The small difference in binding
energy for the Te peak might indicate the presence of more
pure Te in CuysTe;4-C. However, the shifts indicate that also
for Cuy¢Te,,-C the copper is oxidized by the presence of Te,
suggesting bonds between Cu and Te atoms.

Both samples are investigated with in situ XRD to study the
phase stability upon annealing. Figure 3a shows the in situ XRD
pattern of a CuyeTe,/Al,O5/Si stack, exhibiting multiple
phase transitions. As deposited, hexagonal Cu,_,Te'” is present.
At 120 °C orthorhombic CuTe™ is also formed. Both phases
react and form tetragonal Cu,_,Te,” at 180 °C, but some
CuTe is still present up to 350 °C. Finally, cubic Cu,_,Te*® is
formed for T > 400 °C. These subseq7uent transformations are
in agreement with the phase diagram.”” The in situ XRD plot of
the Cuy¢Teg4-C layer (Figure 3b) clearly shows the absence of
any diffraction peaks up to 360 °C, suggesting an amorphous
layer up to this temperature, and hence a large temperature
window where no transformation of the material occurs. The
integrated XRD-intensity in the 11—31° 20 window (see Figure
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Figure 3. In situ XRD pattern, measured at a constant heating rate of
0.5 °C/s, of a Cug¢Tey,(-C)/ALO; (50 nm/20 nm) stack (a) without
carbon and with (b) 40 at % carbon.

S1 in the Supporting Information) starts to increase from 270
°C on, and reaches a local maximum at 360 °C, where distinct
diffraction peaks appear. We define this temperature as the
crystallization temperature of the Cug4Tey,-C layer. The
diffraction peaks are identified as orthorhombic Cu;_,Te,”®
and CuTe,”* and cubic Cuz_xTe.26 The (111) and (010) peaks
of graphite29 coincide with the (052) and (154) peaks of
Cuy_,Te, at ~26.6 and ~43.5°, respectively. However, the
disappearance of these peaks above 580 °C together with the
other peaks of Cu;_,Te, suggest no contribution of graphite.
After crystallization of the Cu-telluride phases, the carbon is
most likely at the grain boundaries of the copper—tellurium
crystals. We believe that the inhibited phase formation is mainly
related to kinetic aspects and the microstructure of the material.
The combination of rather large elements like Cu and Te with a
small element like C increases the packing density in the
amorphous solid, which makes interdiffusion difficult. This
impedes the rearrangement in a crystalline structure and hence
inhibits the crystallization.*® The increased thermal stability of
amorphous alloys due to addition of small atoms like Be and C
has been reported before,>** showing an increased crystal-
lization temperature after glass transition. Moreover, differential
scanning calorimetry (DSC) of carbon doped
Zr4Ti;4,Cu;, sNigBe,, ;C; showed a decrease in crystallization
enthalpy, meaning that the formation of crystal phases becomes
also thermodynamically less favorable compared to the
undoped material.

Figure 4a shows the XRD pattern of both the pure and the
C-alloyed Cuy¢Te,,(-C)/AlLO; stack after 5 min anneal at 300
°C, confirming the results of the in situ XRD measurements.
The increased integrated intensity above 270 °C in the in situ
XRD pattern and the somewhat broad maximum around 25° in
Figure 4a suggest the presence of nanocrystals at higher
temperatures. This is reasonable as with TEM nanocrystals
could be observed even in the as deposited layer. A S0 nm TiN
capping layer is further added to preserve a good surface
morphology, and at the same time can serve as top electrode in
a memory device. SEM analysis (Figure 4b) shows a very
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Figure 4. (a) XRD pattern of a pure and a C-alloyed Cuy¢Tey,(-C)/
Al,O5/Si stack after a 5 min anneal at 300 °C under He-atmosphere.
(b) SEM image showing the surface morphology of the C-alloyed
stack, capped with a 50 nm TiN layer after annealing for 5 min at 400
°C.

smooth surface morphology up to 400 °C. To conclude this
section, the large temperature window without phase trans-
formations combined with a good surface morphology up to
400 °C show the improved thermal stability of the TiN capped
Cuy¢Teg4-C layer compared to pure Cuy4Tey,, rendering his
material attractive for integration in memory devices.
Integration in a CBRAM Device. The functionality of the
stabilized Cuy¢Tey,-C as Cu-supply layer in a CBRAM cell is
investigated and compared to CBRAM cells with pure
Cuy¢Tegy The 580 ym diameter dot CBRAM cells are cycled
20 times, from which the set voltage and the resistance of the
LRS and HRS state is determined. Figure S shows the first and
20th set—reset cycle for both the pure and the C-alloyed
CugeTeo4(-C) sample. The first cycle is the forming step,
where Cu is driven into the Al,Oj; layer to form a conductive
filament (this in contrast to most chalcogenide systems were
Cu or Ag is already present in the resistive switching layer).
However, the set voltage of the first cycle and the subsequent
cycles are the same, showing no difference between the forming
and the subsequent cycles. This indicates an effective erasure of
the entire filament after reset. This dependence of the set
voltage on the partial or complete erasure of the filament has
been pointed out before.*® It is clear that the C-alloyed cell
shows a good switching behavior and is very comparable to
pure Cug4Tey,. The reset current of both cells is comparable
and lower than I, which leads to an efficient reset, as was
already reported for pure Cuy¢Tey,."> The set voltage (Figure
6a) of the C-alloyed cell is slightly lower than for pure
Cug4Teg 4 Although the resistivity of the Cuy4Tey,-C is higher
than CuyeTey, (9.54 X 107 Q cm and 2.99 X 107* Q cm
respectively), this is still many orders of magnitude lower than
ALO;.>* As a result, the resistance of the layer will not affect the
set voltage because the voltage will always drop over the AL, O;.
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Figure S. First and 20th set—reset operation of (a) pure and (b) C-
alloyed TiN/Cuy¢Tey,4(-C)/ALO;/Si memory cells.
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Figure 6. (a) Set voltage and (b) the resistance of the LRS and HRS of
a pure and a C-alloyed TiN/Cugy¢Tey4(-C)/ALO5/Si memory cell.
The data are presented in a boxplot, indicating the first, second
(median) and third quartile. The whiskers extend form the box and are
maximum 1.5 times the inner quartile length (if any data reaches this
value). The crosses are flyer points, falling out of this region.

The lower set voltage may be attributed to the amorphous
nature of the Cuy4Tey,-C layer. The amorphous state is a
metastable state, and the Cu has a lower binding energy than in
a crystal structure. From this point of view, a lower potential
may already result in the removal of Cu ions from the source
layer compared to a crystalline material. However, we do not
want to exclude the presence of pure Cu, which has a lower set
voltage because of the lower bonding energy of Cu compared
to Cu—Te."> The pure Cu can be present in nanocrystals,
which cannot be detected with XRD. Figure 6b shows a boxplot
of the resistance of the LRS and HRS of both cells, which turn
out to be very comparable.

To be a viable candidate as CBRAM source layer, good
endurance and retention properties should be observed. The
Cuy¢Teg4-C memory cell was cycled up to 1000 times at room
temperature, and after annealing for S min at 200 °C in He
atmosphere (both with I, = 100 pA). Figure 7a shows the
cumulative distribution of the HRS and LRS for both the as

dx.doi.org/10.1021/am4010946 | ACS Appl. Mater. Interfaces 2013, 5, 6984—6989
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Figure 7. (a) Cumulative probability of the LRS (open markers) and
HRS (filled markers) of the memory cell as deposited and after anneal
(5 min at 200 °C). (b) Retention test at 85 °C and using a constant
read bias of 20 mV. The LRS and HRS are not altered for up to 10*s.

deposited and annealed device (see Figure S2 in the Supporting
Information for the detailed endurance results). Even after
annealing, the difference between the LRS and HRS is more
than 2 orders of magnitude, although a small shift of the HRS
toward lower resistances is observed. This could be related to
Cu diftusion into the Al,O; layer. As a suggestion for future
work, this might be further improved by adding a titanium
diffusion barrier in between the Cuy¢Tey,-C layer and the
aluminum oxide.'® The retention was tested by applying a
constant read voltage of 20 mV at an elevated temperature of
85 °C. The LRS and HRS did not change for up to 1 X 10* s
(Figure 7b), proving the stability of the states.

Bl CONCLUSIONS

We showed the ability of carbon to influence the crystallization
and stability of copper tellurium. Adding about 40 at % C to a
Cu,Te,_, (x & 0.6) layer results in an amorphous material up
to 360 °C. We attribute this inhibited phase formation to an
increased packing density in the amorphous solid, making the
rearrangement in a crystalline structure much more difficult. A
TiN capping layer on top ensures a good surface morphology
up to 400 °C and serves as a top electrode. A functional
memory cell was demonstrated, showing controlled switching
and good reliability characteristics.

B ASSOCIATED CONTENT

© Supporting Information

The integrated intensity over the 11—31° 20 window of the in
situ XRD pattern of the Cuy¢Te,4-C layer as a function of the
temperature. The detailed endurance results of the TiN/
Cuy¢Tey4-C/ALOs/n + Si memory cells, as deposited and after
S min anneal at 200 °C. This material is available free of charge
via the Internet at http://pubs.acs.org/.
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