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ABSTRACT: In this work, we investigate binary Ag—Te thin films and
their functionality as a cation supply layer in conductive bridge random
access memory devices. A combinatorial sputter deposition technique is
used to deposit a graded AgTe;_, (0 < x < 1) layer with varying
composition as a function of the position on the substrate. The crystallinity,
surface morphology, and material stability under thermal treatment as a
function of the composition of the material are investigated. From this
screening, a narrow composition range between 33 and 38 at% Te is
selected which shows a good morphology and a high melting temperature.
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Functionality of a single Ag, ;Te composition as cation supply layer in

CBRAM with dedicated AlL,O; switching layer is then investigated by implementing it in 580 um diameter dot Pt/Ag, sTe/
AlO5/Si cells. Switching properties are investigated and compared to cells with a pure Ag cation supply layer. An improved
cycling behavior is observed when Te is added compared to pure Ag, which we relate to the ionic conducting properties of Ag,Te

and the preferred formation of Ag—Te phases.
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B INTRODUCTION

New memory concepts are currently investigated to replace the
widely used Flash memory, which is expected to face its scaling
limits in the future. Among the emerging technologies, resistive
random access memory (RRAM) seems a viable candidate
because it combines fast and low power operation with good
scalability.! In RRAM, a memory element is switched between
two resistive states, constituting the on and off or logic 1 and 0
states of the cell. Conductive Bridge Random Access Memory
(CBRAM) is a kind of RRAM, and basically consists of an
electrochemical active electrode containing Ag or Cu, an
electrolyte layer and an inert counter electrode. When a
positive bias is applied on the active electrode, cations drift
through the electrolyte and are reduced at the counter
electrode. A conductive filament of Cu or Ag is grown and
when the filament connects both electrodes, the cell switches to
a low resistive state (LRS). Applying a bias of opposite polarity
dissolves the filament again and switches the cell back to the
high resistive state (HRS). In this way reversible switching is
possible.” Several materials for the electrolyte and active
electrode are reported. Chalcogenide materials (Ag,S,* Cu,S,”*
GeSe,® GeSG), organic materials”® and binary metal oxides
(HfO,,® Ta,05,"° ZrO,,"" $i0,,'" and AL,0,'*) are reported
as electrolyte. For the cation supply layer, besides of pure Cu or
Ag, alloys containing these elements have been reported.'>™"”
Devices using a chalcogenide material as cation supply layer like
Cu,Te,_,"* (x ~ 0.6), Cu,S or Cu,Se'*(or with Ag instead of
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Cu) on top of an oxide as switching layer, showed an improved
cycling behavior compared to a pure Cu or Ag supply layer.
These chalcogenide materials are also reported as solid ionic
conductors (SIC).'*'® From this point of view it is interesting
to investigate the binary Ag—Te system, and compare the
resistive switching behavior of Pt/Ag,Te,_,/Al,O;/Si CBRAM
cells with cells where pure Ag is used. In this paper, we first
investigate the material properties of Ag.Te;_, (0 <x < 1) asa
function of the Te content. To allow for efficient material
screening, a combinatorial deposition technique is used to
create a thin Ag—Te film with a composition that varies as a
function of the position on the wafer. Based on material
properties, an optimum Ag—Te composition (Ag, ;Te) is
selected to implement in 580 ym diameter dot CBRAM cells
and cycling is compared to cells with pure Ag.

B EXPERIMENTAL PROCEDURES

To investigate the material properties of Ag,Te, . as a function
of the composition (0 < x < 1), a SO nm layer was deposited by
magnetron sputtering, using a Balzers deposition tool. The
elements are sputtered from two different sputter targets (a
pure Ag and a pure Te target), and shadow masks in front of
the sputter targets allow to modulate the particle flux and hence
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the deposition profile on the substrate. A 150 mm diameter Si
wafer passes subsequently in front of each sputter target and in
this way a mixed Ag,Te, . layer is deposited, with x varying
approximately in a linear way from 1 to ~0 in one direction
over the 150 mm wafer. Material properties of the layer on
different positions on the substrate can then be related to the
composition. The thickness of the layer was kept constant to
~50 nm. As substrate, Si(100) wafers covered with a 100 nm
SiO, or 20 nm thin ALO; layer are used. The SiO, was
thermally grown, whereas the Al,O; was deposited by an H,O-
based atomic layer deposition (ALD) technique.

The composition was determined by Rutherford back-
scattering spectroscopy (RBS) on different points on the
wafer. To this end, 10 nm layers were deposited instead of 50
nm to allow for better distinction between the Ag and Te
signal. Composition could also be determined by X-ray
fluorescence spectroscopy (XRF) after calibration of the system
with a reference sample characterized by RBS. Crystallinity of
the film is investigated by X-ray diffraction (XRD). A Bruker
D8 Discover X-ray diffractometer, equipped with a 300 mm
wafer mapping stage is used for XRD mapping, that is, perform
an XRD measurement every 3 mm on the wafer, to investigate
the crystallinity as a function of the composition. The system
also contains a Mo X-ray source and an XRF detector which is
used for the XRF analysis in this work. The morphology of the
graded layer is investigated by scanning electron microscopy
(SEM), using a FEI Quanta 200F FEG SEM.

The stability of the different Ag—Te phases are investigated
using in situ X-ray diffraction, as described in previous
work.'”?® Here, the XRD pattern in a fixed 26 window of
20° is monitored while the sample is annealed at a heating rate
of 0.5 °C/s in an inert He atmosphere. In this way, phase
transformations as a function of temperature, or the occurrence
of melting points are detected. A melt temperature (T,,) higher
than 400 °C is necessary to be compatible with back end of line
temperatures in device processing.

On the basis of morphology results from SEM imaging and
thermal stability observed by in situ XRD measurements, a
narrow composition range between 33 and 38 at% Te is
selected to implement as cation supply layer in CBRAM cells.
We selected the composition with ~64.8 at% Ag, further
denoted as Ag, sTe. In analogy to previous work,"*'7 cells with
a dedicated switching layer of 3 nm ALO; are used. The
alumina is deposited by an H,0O-based ALD process on highly
n-doped Si. The CBRAM dot cells are then prepared by
magnetron sputtering of a Pt/Ag, sTe (50/50 nm) stack
through a 580 ym diameter dot shadow mask on the Al,O;/Si
substrates. Dots with pure Ag instead of Ag, sTe are also
prepared to investigate the influence of the tellurium.

Electrical characterization of the dot cells is carried out with a
Keithley 2601A Sourcemeter. Linear current—voltage sweeps
with a sweep rate of 0.5 V/s are applied on the Pt top electrode
with respect to the Si bottom electrode. The current during the
set operation is limited to avoid overgrown filaments. Typically
a compliance current (I.) of 100 yA or 1 mA is used.

B RESULTS AND DISCUSSION

Combinatorial Study. The composition as a function of
the position on the wafer was determined by RBS and the result
is shown in Figure la. A graded layer with a linearly varying
composition from ~0 to ~85 at% Te is obtained. The as-
deposited layer is characterized by XRD in the 19-52° 260
window. The XRD intensities are plotted as a gray scale map as
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Figure 1. (a) Te content of the Ag—Te layer as a function of the
position on the substrate, determined by RBS. (b) XRD patterns as a
function of the Te content of the as-deposited layer.

a function of the Te content (Figure 1b). According to the
phase diagram,”’ two low temperature intermetallic Ag—Te
phases exist, which transform at higher temperatures. In this
work, we will follow the notation of ref 21 and denote the low
temperature phase with o and the high temperature phases with
B, 7, and so on. At a composition of ~33 at% Te, monoclinic
Ag,Te is formed (Ag,Te), which transforms to a face-centered
cubic (fcc) structure at 145 °C (fAg,Te) and to a body-
centered cubic (bcc) structure (yAg,Te) at 689 °C in case of
excess Te (~802 °C in case of excess Ag). At a composition of
~37.5 at% Te, hexagonal Ag,Te; exists (@Ag,s;Te;), which
transforms to a high temperature f phase at ~295 °C in case of
excess Te (~265 °C for excess Ag). Another phase, Ag,,Te,
which exist in the temperature range 120—460 °C, has been
reported, with a polymorphic transformation near 178 °C.
Unfortunately, to our knowledge, no crystallographic data has
been reported on the Ag, yTe and the high temperature Ag;Te;
phases. From the phase diagram,21 we expect for the as-
deposited layer (when it is crystalline) three main regions: (1)
0 to 33.3 at% Te, two phase region with Ag and monoclinic
Ag,Te; (2) 333 to 37.5 at% Te, two phase region with
monoclinic Ag,Te and hexagonal Ag;Te;; and (3) 37.5 at% Te
to pure Te, two phase region with hexagonal AgsTe; and Te.

This is in agreement with the measured XRD map. Up to
about 28 at% Te, the peak corresponding to the [1,1,1]
direction of Ag22 at 38.1° is observed. From 15 to 38 at% Te,
also XRD peaks related to the monoclinic Ag,Te phase®
appear. In the range ~35 to ~49 at% Te, diffraction peaks of
hexagonal Ag,;Te;** are visible. It is apparent that for Te
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Figure 2. Surface morphology of the ~50 nm Ag—Te layer on 100 nm SiO, with 4, 16, 36, 43, and 75 at % Te. The images are taken under a tilted

view of 20° and with a magnification of 100 k, the scale bar denotes 1 um. A strong variation in surface roughness is observed.

contents in the range of 29—38 at% Te mainly two peaks are
very intense, corresponding to the [—1,2,1] direction of
monoclinic Ag,Te ([—1,2,1] and [-2,4,2] at respectively
23.9° and 48.8°). For Te contents higher than 65 at%, peaks
related to tellurium® are present. The material in the
composition region between 49 and 65 at% Te, where no
diffraction peaks appear, is probably amorphous.

Figure 2 shows the SEM images of the main composition
regions. The surface morphology is strongly dependent on the
Te content. For almost pure Ag, a smooth morphology is
observed, whereas adding more Te creates a rough surface (e.g,,
for 16 at% Te in Figure 2). At the Ag rich side of Ag,Te (<33 at
% Te), large particles are observed which are related to the
excess of Ag (see also Figure S2b in the Supporting
Information), whereas at the Ag poor side (>33 at% Te)
where only intermetallic Ag—Te phases or Te (>65 at% Te)
occur, a smooth surface morphology is present. These results
suggest that an excess of Ag that cannot be consumed in
intermetallic phases results in a rough surface morphology and
Ag particles. Only pure Ag or materials with more than 33 at%
Te show good as-deposited surface morphologies.

The thermal stability of the Ag—Te layer as a function of the
Te content was further investigated using in situ XRD. The
graded wafer was cleaved into pieces of about 7 mm and hence
for 18 different compositions, a measurement is available.
Figure 3 shows selected results for significantly different
composition regions, as the regions in between show
qualitatively similar patterns. The composition of every piece
before and after the in situ XRD was measured by XRF to
investigate whether the composition had changed during the
anneal (for example by evaporation). Figure 4a shows a
summary of the temperature windows where the different
intermetallic phases appear as a function of the initial (i.e.,
before anneal) Te composition. The temperatures where these
phases appear/disappear were extracted based on the
appearance/disappearance of the corresponding diffraction
peaks in the 30—50° 26 window. The composition after the
measurement is also indicated.

Figure 3a shows the result for a layer with almost pure Ag
(only 4 at% Te). Indeed, only the [1,1,1] peak at 38.1° is visible
as deposited, and the diffraction peak appearing; from 200 °C
on at 44° corresponds to the [2,0,0] peak of Ag.** Adding more
Te results in the formation of the monoclinic Ag,Te phase,” as
is illustrated in Figure 3b for 28 at% Te. Near a temperature of
145 °C, the peaks assigned to the monoclinic Ag,Te phase
disappear, which can be explained by the a- to fAg,Te*® phase
transformation from a monoclinic to a fec structure.”’ The
sample with a composition around 37 at% (Figure 3c) is the
most difficult to analyze. For temperatures below 145 °C the
[—2,4,2] peak of monoclinic Ag,Te is visible. According to the
phase diagram, one also expects hexagonal Ag, ;Tes,”* but no
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Figure 3. In situ XRD patterns of the graded Ag—Te layer on 20 nm
AL O; for the regions with (a) 4, (b) 28, (c) 37, (d) 65, and (e) 81 at%
Te. The diffraction peaks are plotted as a gray scale map as a function
of the temperature.

diffraction peaks of this phase are observed. The phase diagram
also mentions a high temperature Ag,  Te phase in the 120—
460 °C temperature window, which exists in two polymorphs
with a transformation temperature of 178 °C.*' The in situ
XRD measurement shows that at 145 °C the monoclinic phase
transforms, followed by an apparently second transformation
around 265 °C, where the peaks at 32° and 41° disappear, and
the peak at 42.7° becomes more intense. The diffraction peak at
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Figure 4. (a) Summary of the observed phases in the 30—50° 26
window. The temperature window where a certain phase appears as a
function of the composition is hatched in the diagram. The
composition after the in situ XRD measurement is also indicated.
(b) Summary of the material properties investigated by in situ XRD
and SEM.

42.7° becomes less intense only at 280 °C. At 400 °C, the peak
at 42.7° disap]gears and diffraction peaks corresponding to fcc
Ag,Te appear.”® To investigate this composition further and to
identify the observed XRD peaks, a Ag—Te layer with 63.9 at%
Ag was deposited. The in situ XRD measurement is very similar
to the observed one of the gradient (Figure 3c) and is shown in
Figure S1 in the Supporting Information. For this sample, also a
second 26 window was measured. The two 26 windows in
Supporting Information Figure S1 show that at 145 °C two
intense peaks at 23.3 and 47.7° appear, which can be related to
the [1,1,1] and [2,2,2] planes of fcc Ange.27 Additional
measurements where the sample was annealed up to 220 and
390 °C and cooled down to room temperature again were
performed to investigate if the phases at that temperature are
also stable at room temperature. Upon cooling, the present
peaks shifted toward larger 26 angles (which could be explained
by thermal expansion) but also more diffraction peaks appeared
which could be related to the monoclinic phase. These results
suggest that the diffraction peaks formed above 145 °C are
merely high temperature phases that return to a low
temperature phase at room temperature, and support the
proposition that cubic Ag,Te***” appears from 145 °C on.
Other diffraction peaks appearing in the 145—400 °C
temperature window are hard to identify, and might be related
to other high temperature phases like Ag;Te. Unfortunately
no reference XRD data is available for the Ag; gTe phase in the
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literature. Note that literature even reports the existence of a
second medium temperature Ag,Te phase™® in the temperature
range 146—260 °C. In Figure 4, the occurrence of unidentified
peaks are taken into account under the general notation of
Ag,_.Te. Also two notations (f# and f#') are used for the high
temperature Ag,Te phase, which only differ in the lattice
constant.

When more than 38 at% Te is present, the material has a
melting point around 350 °C, as can be seen in Figures 3d and
e for respectively 65 and 81 at% Te. In case of 65 at% Te, the
material is amorphous as deposited, and the hexagonal
Ag, s3Te; phase crystallizes at 75 °C. Around 295 °C, the
diffraction peaks at 42.7 and 31.7°, corresponding to the [0,0,6]
and [0,0,8] planes, shift toward 42° and 31° respectively.
Although no reference XRD data is available to verify, this
temperature coincides with the reported a to f transition®' of
Ag,3Te;. At 350 °C, the diffraction peaks disappear,
corresponding to the melting temperature of the eutectic
composition. At higher temperatures, diffraction peaks appear
again, which can be explained by evaporation of Te. In this way,
the material becomes Ag rich and solid phases (Ag,Te) appear
again. This is also in agreement with the measured composition
after the in situ XRD measurement: for the samples where fcc
Ag,Te is formed, the composition is about 66 at% Ag (see
Figure 4a). As we cannot exactly determine at which
temperature no liquid is present anymore, we indicated in
Figure 4a the whole temperature range above 350 °C as a
region where liquid can occur. For the sample with 81 at% Te,
diffraction peaks associated with Te are clearly visible. On the
basis of these results, the composition range with more than 38
at% Te is excluded for memory application because of the low
T, of 350 °C. Figure 4b summarizes the composition regions
selected by the combinatorial screening with good surface
morphology (selected from SEM screening) and sufficiently
high melting temperature (selected from in situ XRD).

Optimum Composition: Ag,_sTe. The combinatorial
screening in the previous section allowed us to select a narrow
composition range with acceptable material properties between
33 and 38 at% Te. For too low Te compositions, a rough
surface morphology was observed whereas for too high Te
contents, the material melts already at 350 °C. This is also
illustrated in Figure 4b, where the regions with good surface
morphology and sufficiently high melting temperature overlap.
A composition close to Ag,Te was selected, and at the Ag
deficient side, to avoid the rough surface morphology. The
composition was determined by XRF as 64.8 at% Ag and we
will further refer to this composition as Ag, sTe. A slight excess
of Ag results in large Ag grains on the surface. This was
confirmed by energy dispersive X-ray fluorescence spectroscopy
(EDX) on a sample with 70 at% Ag. This is illustrated in Figure
S2 in the Supporting Information, showing the SEM images of
both compositions. The in situ XRD measurement of Ag, sTe
(see Supporting Information Figure S3a) shows only the @ to
PAg,Te transformation, whereas for the layer with 70 at% Ag
(Supporting Information Figure S3b), also diffraction peaks
corresponding to Ag appear. For temperatures above 145 °C,
PAg,Te exists, but it is observed from in situ XRD that it
transforms back to aAg,Te upon cooling. The ionic
conductivity is also higher for ﬂAnge28 (the high temperature
phase) compared to aAg,Te.”

Application in CBRAM. The DC cycling behavior of Pt/
Ag, sTe/Al,0;/Si dot cells is compared to cells with pure Ag
as a cation supply layer. The cells are cycled 10 times by
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applying a double linear voltage sweep from 0 to 3 V (and
back) to set the cells to a LRS, and from 0 to —2.5 V (and
back) to reset them into a HRS. Figure S shows typical
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Figure S. DC sweeps of (a) Pt/Ag/Al,0,/Si and (b) Pt/Ag, sTe/
Al,O,/Si CBRAM cells.

switching curves for both supply layers. The cells with Ag
(Figure Sa) show a forming, that is, Ag ions are driven into the
Al,O; switching layer to form a conductive filament and the cell
is switched to a LRS during the first cycle, but it is difficult to
reset the cells. Using Ag,_sTe on the other hand (Figure Sb)
resulted in better cycling of the cells. In the case of Ag, the
current was limited to 100 yA to avoid a too strong filament, as
a higher compliance current generally leads to stronger
filaments.” In case of Ag, ;Te, the cells can even be reset
when a I, of 1 mA was used during set. This efficient reset for
the Te alloyed supply layer was already reported for Cu—Te,"*
but also for Cu or Ag based sulfides and selenides with a binary
oxide as switching layer.'® It is known that the copper®'® and
silver™*® chalcogenides show ionic conductivity. It is very
likely, as was proposed previously,">***" that the good ionic
conductivity of the supply layer allows for the efficient reset
because of a more efficient flux of ions out of the switching
layer back into the supply layer during reset. A better extraction
of the Ag ions out of the switching layer is expected to
contribute to the recovery of the high resistive state and hence
to an efficient reset. Another factor that might play a role is the
thermodynamical driving force to form intermetallic Ag—Te
phases. When a Ag filament is formed in the Al,O; layer during
the set operation, a Te rich region is left in the silver supply
layer. However, as it is thermodynamically more favorable for
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Ag to form Ag—Te phases, the Ag atoms constituting the
conductive filament will tend to go back to the Te rich region
in the supply layer, which should contribute to filament
dissolution and hence reset.'*

It is observed that for Ag, sTe a compliance current of 1 mA
is needed to obtain a stable filament that does not dissolve
spontaneously or with very low reset voltages. This is illustrated
in Figures 6a and b, where the cumulative distribution of the
resistances of the Ag,_sTe cells are extracted from the set (read
at +0.1 V) and reset (read at —0.1 V) cycles. In the ideal case,
the curves at positive and negative read voltage should coincide.
Using an operating current of 100 pA (Figure 6a) results in
~50% of the switches where the LRS returned already to a
higher resistance at —0.1 V, and about 15% returned to a HRS
(ie, R > 10°Q). Using a compliance current of 1 mA (Figure
6b) results in much more successful cycles, that is, 90% of the
programmed LRS are still in the same state during reset at —0.1
V and only ~1% returned to a HRS again. As is generally
observed in CBRAM, a higher compliance current generally
leads to stronger and hence less volatile filaments. This agrees
with the more stable LRS for the cells cycled with 1 mA
because of the thicker filaments that contain more silver atoms.
Note that the influence of filament morphology on retention
has been reported before,*” where better retention is reported
for LRS states with lower resistance because of thicker
filaments, which are less susceptible to filament dissolution.
From the cumulative plots, it is also observed that a larger
fraction of the LRS states has a lower LRS resistance for the
cells cycled with 1 mA compared to the cells cycled with 100
uA, illustrating the more robust filament for the former. It is
worth mentioning that the Joule heating because of the high
current that flows through the filament might induce the o to
PAg,Te phase transition in the Ag—Te layer close to the
filament when temperatures above 145 °C are reached.
However, not much information on the phase transformation
and existence of the high temperature phase on this local scale
is known. Moreover, when no current flows through the cell
and the material cools down, this phase is expected to
transform back to the low temperature @ phase. In case that
PAg, Te is formed, this might enhance the flux of Ag ions out of
the silver supply layer when the cell has switched on during the
set sweep, as a higher ionic conductivity is reported for the
cubic high temperature phase.”** This in turn can promote a
more robust, thicker filament that contains more Ag atoms,
which improves LRS stability. During reset, the higher ionic
conductivity of the cubic phase might enhance the flux of Ag
ions out of the Al,O; back into the Ag—Te layer, and hence
contribute to the efficient reset. Endurance of the 580 ym Ag—
Te based dot cells was also tested by DC cycling of the cells
with a I, of 1 mA. Figure 6¢c shows the resistance of 500
consecutive set-reset cycles, extracted from a 100 mV read pulse
after every set or reset operation.

B CONCLUSIONS

We deposited a S0 nm thin film of Ag,Te,_, (0 <x < 1) bya
combinatorial deposition technique and investigated the
material properties as a function of the composition. SEM
measurements revealed a rough surface morphology when the
Ag,Te phase was formed with an excess of Ag, whereas a
smooth morphology is observed when more Te is added and all
Ag is consumed in intermetallic phases. X-ray diffraction
mapping shows the formation of intermetallic Ag—Te phases,
in agreement with the phase diagram. In situ XRD as a function
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Figure 6. Cumulative distribution of HRS and LRS extracted from the
set sweep (R at +0.1 V) or reset sweep (R at —0.1 V) of Pt/Ag,_sTe/
AL O,/Si CBRAM cells cycled with a I, of (a) 100 uA and (b) 1 mA.
(c) Endurance test of a Pt/Ag, sTe/Al,O;/Si cell, showing the
resistance extracted from a 100 mV read pulse after every set (R,,) or
reset (R,g) sweep. The median LRS and HRS are indicated by the
dashed line.

of the Te composition allowed us to investigate the phase
stability of the formed phases and showed the occurrence of a
melting point near 350 °C for more than 38 at% Te. The
combined SEM and XRD data reveals only a narrow
composition range between 33 and 38 at% Te, which shows
suitable material properties for application as a cation supply
layer in CBRAM. Resistive switching of Pt/Ag, sTe/Al,O;/Si
CBRAM cells were investigated and compared to memory cells
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with pure Ag as a cation supply layer. A more efficient reset for
the Te alloyed cells was observed, which might be explained by
the ionic conductive properties of the cation supply layer,
allowing an eflicient extraction of the cations out of the
switching layer back to the supply layer. This enhanced reset
might also be related to preferred formation of Ag—Te phases
in the supply layer by expense of the Ag atoms constituting the
conductive filament.
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Figure S1 showing in situ XRD patterns in the 10—30° window
of a Ag—Te layer containing 63.9 at% Ag, Figure S2 showing
SEM images of a 50 nm layer containing 64.8 and 70 at% Ag,
and Figure S3 showing corresponding in situ XRD patterns of
the Ag—Te layers in Figure S2. This material is available free of
charge via the Internet at http://pubs.acs.org.
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