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ABSTRACT: Resistive random access memory (RRAM) with
inherent logic-in-memory capability exhibits great potential to
construct beyond von-Neumann computers. Particularly, unipolar | p =
RRAM is more promising because its single polarity operation enables
large-scale crossbar logic-in-memory circuits with the highest

integration density and simpler peripheral control circuits. However, l

p AND g
PORq
unipolar RRAM usually exhibits poor switching uniformity because of
random activation of conducting filaments and consequently cannot
meet the strict uniformity requirement for logic-in-memory !,
application. In this contribution, a new methodology that constructs
cone-shaped conducting filaments by using chemically a active metal T
cathode is proposed to improve unipolar switching uniformity. Such a %

peculiar metal cathode will react spontaneously with the oxide
switching layer to form an interfacial layer, which together with the
metal cathode itself can act as a load resistor to prevent the overgrowth of conducting filaments and thus make them more cone-
like. In this way, the rupture of conducting filaments can be strictly limited to the tip region, making their residual parts favorable
locations for subsequent filament growth and thus suppressing their random regeneration. As such, a novel “one switch + one
unipolar RRAM cell” hybrid structure is capable to realize all 16 Boolean logic functions for large-scale logic-in-memory circuits.
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1. INTRODUCTION polarity operation scheme also enables simplified peripheral
control elements to support large-scale integrated circuits.”'
Great efforts have been devoted globally to realize beyond
von-Neumann computation with unipolar RRAM. In 2011, Sun
et al.”” first realized the IMP function with two unipolar RRAM
cells and one conventional resistor, following which Amrani et
al.>® proposed to perform the OR function using two unipolar
bility with high speed, high efficiency, and low power RRAM cells and the NOT function using one unipolar RRAlX{
characteristics.”'" Basicall, RRAM can be classified into cell and one conventional resistor. Very recently, Jang et al.
unipolar'>™"* and bipolar'®™'® types. Despite being slightly succeeded in implementing the NOR function based on three
inferior in endurance, power consumption, and variability than unipolar RRAM cells. All these logic functions are based on the
the bipolar one, unipolar RRAM has exclusive advantages for voltage divider effect between the adopted circuit elements,

In today’s big data era, the pursuit of better computing is
unprecedentedly urgent, as digital information is generated in
great diversity, high volume, and at exponentially growing
speed." One promising solution is to construct beyond von-
Neumann computers using resistive random access memory
(RRAM),” > which features inherent logic-in-memory capa-

logic-in-memory application. First, its single polarity operation which puts forward a strict requirement in the uniformity of
scheme allows two-terminal diodes as selectors to settle the switching parameters to guarantee reliable operations.”
sneak-path issue in crossbar arrays, thus guaranteeing the However, unipolar RRAM usually works on an intrinsic
highest integration density of 4F*/cell (F: the minimum feature
size).”"” Indeed, the RRAM test chip with a record storage Received: December 25, 2017
capacity of 32 Gb was made with such an integration Accepted: February 1, 2018
architecture by SanDisk and Toshiba.”® Second, the single Published: February 1, 2018
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Figure 1. Schematic cathode material-dependent evolution processes of conducting filaments in unipolar RRAM cells. (a) In a unipolar Ta,O;
RRAM cell with a conventional inert Pt cathode. (b) In a unipolar Ta,O5 RRAM cell with a novel chemically active Ta cathode. The yellow dashed
lines in (b) denote the nominal Ta TE/Ta,Os interface. For simplicity, the switching mechanism with a single filament is assumed here.

filamentary switching mechanism and consequently exhibits
poor switching uniformity because of the random activation of
conducting filaments (CFs) at different locations."”™"° To date,
a number of methods including microstructure optimization,*®
doping with metal nanoparticles,”’ ~*’ and electrode engineer-
ing’>”" have been proposed to improve unipolar switching
uniformity, wherein the principle strategy is to create favorable
locations for the formation of CFs so as to suppress their
random activation throughout the entire device. Nevertheless,
the incompatibility of these methods with the standard CMOS
technique makes them less practically applicable. The number
of available logic functions achieved using unipolar RRAM is
also limited to 4, given the fact that complete set of Boolean
logic contains 16 operations. Therefore, simple yet effective
approaches to improve the unipolar switching uniformity and
to realize as many Boolean logic functions as possible with
unipolar RRAM are still highly desired.

In this work, we propose and demonstrate a new
methodology to improve the switching uniformity of unipolar
RRAM by employing a chemically active metal cathode to
construct cone-shaped CFs. Such a peculiar metal cathode will
react spontaneously with the oxide switching layer to form an
interfacial layer, which together with the metal cathode itself
can act as a load resistor to prevent the overgrowth of CFs, thus
making them more cone-like. Indeed, high-resolution trans-
mission electron microscopy (TEM) observation suggests that
cone-shaped metallic Ta CFs are formed in unipolar Ta,O;
RRAM cells with chemically active Ta cathodes, which are
remarkably different from the normally observed cylindrical
ones.'”'>"> With their cone-shaped configuration, the rupture
of these Ta CFs is strictly limited to the tip region, making their
residual parts rather than the other partially formed Ta
protrusions favorable locations for subsequent filament growth.
Thus, the random activation of CFs is significantly hindered,
and highly reduced switching nonuniformity with a minimum
of 5.5% is resulted. On the basis of the superior electrical
behavior of such cone-shaped CF devices, a “one switch + one
unipolar RRAM cell” hybrid structure is constructed to perform
logic functions. Theoretical analysis and experimental results
reveal that 14 Boolean logic functions can be implemented in
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no more than three sequential logic cycles, whereas the
remaining NOR and XNOR functions can be realized with
additional algorithmic steps or with the aid of a conventional
CMOS inverter in control circuits.

2. EXPERIMENTAL SECTION

2.1. Device Fabrication. Sample Ta/Ta,O5(~10 nm)/Pt and
reference Pt/Ta,0O5(~10 nm)/Pt unipolar RRAM cells were both
fabricated on commercial Pt(~120 nm)/Ti(~15 nm)/SiO,/Si
substrates. First, the substrates were ultrasonically cleaned in sequence
in acetone, ethanol, and deionized water (8 min for each solvent).
Next, the Ta,O; layer was deposited on them by radio-frequency
magnetron sputtering with a ceramic Ta,Og target at room
temperature and in a pure argon atmosphere (~0.4 Pa). Third, a
photoresist layer was spin-coated on the Ta,O;s layers and then
patterned with isolated holes (50 ym in diameter) by a conventional
ultraviolet lithography process. Finally, a ~60 nm Ta or Pt layer was
deposited by direct current (dc) magnetron sputtering at room
temperature and in a pure argon atmosphere (~0.4 Pa), after which a
lift-off process was conducted and ended with isolated Ta or Pt top
electrodes (TEs).

2.2. Device Characterization. All electrical measurements were
conducted using a semiconductor device analyzer (B1500A, Agilent)
in an atmospheric environment and at room temperature. External
voltages were always applied to the common Pt bottom electrode
(BE), with the isolated Ta and Pt TEs grounded. To characterize the
device microstructure and to observe CFs, cross-sectional specimens
were cut from both pristine and programmed RRAM cells using a
focused ion beam (FIB) system (Auriga, Carl Zeiss) and then
examined using a high-resolution TEM (Tecnai F20, FEI Company)
with energy-dispersive X-ray spectroscopy (EDS) and electron energy
loss spectroscopy (EELS) analytical accessories.

3. RESULTS AND DISCUSSION

Unipolar RRAM cells usually have a metal/insulator/metal
trilayer structure, with binary metal oxides (such as NiO,****
Zn0,"”" Ti0,*"*? and Ta,0,'*****) as the switching layer
and inert metals (typically Pt'>*°7****73*) a5 both electrodes.
Under external voltage stimuli, they can be reversibly switched
between a high-resistance state (HRS) and a low-resistance
state (LRS), and the switching from the HRS to LRS is denoted
as a set process with its opposite as a reset process. In this work,
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Figure 2. Comparative forming process analysis between reference Pt/Ta,0O5(~10 nm)/Pt and sample Ta/Ta,O5(~10 nm)/Pt unipolar RRAM
cells. (a) Representative forming processes of the reference Pt TE and the sample Ta TE RRAM cells. The insets show schematic band structures
during the forming process. (b) Comparisons of Vi, and R, gs after forming between the reference Pt TE and sample Ta TE RRAM cells. For both
types of RRAM devices, 10 cells were randomly chosen for such statistical analysis.

Ta,0y is selected as the switching layer because it has been
acknowledged as a model and promising binary metal oxide
storage medium for RRAM.>*** Figure 1a shows the schematic
evolution process of CFs in a unipolar Ta,05 RRAM cell with
Pt as both the TE and BE. Generally, the memory cell will have
a uniform Ta, Oy switching layer, as well as clear Pt TE/Ta,O;
and Ta,O;/Pt BE interfaces (® in Figure la). Upon forming
with the Pt BE positively biased with respect to the Pt TE, a
complete CF denoted as CF, (@ in Figure la) will grow from
the cathode (Pt TE) to the anode (Pt BE) and then short-
circuit the electrode pair."*****7*” Other partially formed CFs
may also exist in the Ta,Oy switching layer.'*** According to
the previous in situ TEM observation and theoretical
analysis,'”"'#'>*> CF, will be cylinder-like in the symmetric
device structure. That is, if d; and d, represent the diameters of
a CF at its wider and narrower ends, respectively, the d,/d, of
CF, will be close to 1. Thermal simulation by Chang et al.**
suggests that the high temperature region caused by the Joule-
heating effect can cover the most part of cylindrical CF,. The
reset process of unipolar RRAM cells is caused mainly by
thermal dissolution of existing filaments.”~” Hence, most part
of CF; may be disrupted in the subsequent reset process,
making the residual part even shorter than the partially formed
CF (® — ® in Figure la). If so, another CF, denoted as CF,,
will be naturally activated in the following set process (@ - @
in Figure la), resulting in the random evolution of CFs at
different locations. Because CF; and CF, are relatively different
in size and shape, large fluctuation in switching parameters
including the resistance values of the LRS and HRS (R;pg and
Ryrs) and the threshold voltages of set and reset processes (V.
and V,,,.,) will be demonstrated.>>'*

To improve the switching uniformity, we herein propose a
new simple methodology of constructing cone-shaped CFs in
unipolar RRAM cells, by replacing the conventional inert Pt
cathode with the chemically active Ta cathode (® in Figure
1b). The key is to take advantage of the spontaneous redox
reaction at the Ta/Ta,Oy interface (precisely, the out-diffusion
of oxygen ions from Ta,O; into Ta) to generate an interfacial
layer containing a large amount of oxygen vacancies and/or
tantalum suboxides.””"” This interfacial layer will act as a load
resistor and thus prevent the overgrowth of CFs durin§ forming
and set processes through the voltage divider effect.”"** Also,
the Ta electrode itself with a higher resistivity than the Pt
electrode can contribute to such a voltage divider effect. Kim et
al. have demonstrated the growth of CFs from the cathode to
the anode®*”’ and, more importantly, the gradual evolution of
CFs’ shape from conical to cylindrical as their overall size
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increases.”*> Therefore, because of the prevention of over-
growth by the interfacial layer and the Ta electrode itself, a
more cone-like CF denoted as CF; (@ in Figure 1b) is expected
to grow from the Ta TE to the Pt BE and then short-circuit the
electrode pair in Ta/Ta,O;/Pt RRAM cells during forming
with the Pt BE positively biased with respect to the Ta TE.
Thermal simulation by Menzel et al.** indicates that the high
temperature region caused by the Joule-heating effect locates
only at the tip region of conical CF;. In this case, during the
subsequent Joule-heating-dominated reset process, the rupture
of conical CF; can be constrained strictly at its tip region (@ —
® in Figure 1b), differing significantly from the case of
cylindrical CF; whose most part is disrupted (& — @ in Figure
1a). As such, the residual part of ruptured CF; will be much
longer than other partially formed CFs, resulting in the
preferential occurrence of the recovery of CF;, rather than the
activation of a completely new CF, in the following set process
(® - @ in Figure 1b). Because the random activation of CFs at
different locations is suppressed, a highly uniform unipolar
resistive switching behavior can be expected in Ta/Ta,O;/Pt
RRAM cells.’*" Tt is worth mentioning herein that previous
works on Ta/Ta,O;/Pt RRAM are all focused on bipolar
resistive switching with a Ta TE as th eanode,”™*! which are
remarkably different from the current work on unipolar
resistive switching with a Ta TE as the cathode.

To confirm our proposal, both Ta/Ta,05(~10 nm)/Pt and
reference Pt/Ta,O(~10 nm)/Pt unipolar RRAM cells
(circular shape with SO pm diameter) were fabricated and
characterized first by high-resolution TEM with EDS analytical
accessories (Figure S1, Supporting Information). The rather
obscure Ta TE/Ta,Oy interface and the noticeable increase in
oxygen distribution from 9.9 nm in the reference Pt TE sample
to 11.2 nm in the Ta TE sample can demonstrate the
occurrence of spontaneous interfacial reaction between Ta TE
and Ta,0;. Then, electrical measurements were conducted to
investigate the switching behavior of Ta/Ta,05(~10 nm)/Pt as
well as reference Pt/Ta,05(~10 nm)/Pt unipolar RRAM cells.
Initially, both RRAM cells had an extremely high resistance of
~10" Q because of their good insulating property of the
sputtered Ta,O; switching layer. To activate repeatable
unipolar resistive switching, a forming process was necessary
for both RRAM cells, during which a compliance current
(Icomp) of 1 mA was adopted to prevent permanent breakdown,
as shown in Figure 2a. The current level of the Ta TE RRAM
cell after 1.5 V is obviously larger than that of the reference Pt
TE RRAM cell, which is because of the easier injection of
electrons from a Ta TE with a lower work function into the
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Figure 3. Comparative cycle-to-cycle switching uniformity analysis between reference Pt/Ta,05(~10 nm)/Pt and sample Ta/Ta,O5(~10 nm)/Pt
unipolar RRAM cells. I-V curves of S0 successive unipolar resistive switching cycles of a (a) representative reference Pt TE RRAM cell and of a (b)
representative sample Ta TE RRAM cell. The insets in (a,b) show schematic device structures with measurement configuration. Cumulative
distributions of (c) Rygs and Ryrg and (d) Vi, and V.. Variation coefficients of (e) Ry s and Ry and (f) Vi, and V.. The data in (c—f) were
obtained based on the I-V curves in (a,b).

Table 1. Summary on g and ¢ Values of the Switching Parameters Ry, Rygsy Viey and Vg
Rigs (Q) Rygs (Q) Veer (V) Vieser (V)
Pt TE Ta TE Pt TE Ta TE Pt TE Ta TE Pt TE Ta TE
u 21.4 197.2 326 M 9.8k 2.10 1.53 0.52 0.87
c 28.4 48.6 1385 M 2.9k 0.82 0.21 0.11 0.048

Ta,Oj switching layer.* However, the two cells have an almost quantitative comparison, the variation coefficients of all
identical forming voltage (Vi) of ~4.4 V, which can be switching parameters have been calculated by 6/u (o: standard
confirmed more solidly by the statistical result in the upper part deviation; y: mean value). The detailed y and & values of each
of Figure 2b. This is readily understandable based on the switching parameter are listed in Table 1. Figure 3e,f shows the
consensus that, with the same positively biased electrode, Vi, variation coefficients of R;pg and Rypg and of Vi, and V.,
is determined mainly by the switching layer thickness.*® The respectively. It is obvious that all coefficients of variation have
lower part of Figure 2b shows the comparison of Rygg after been remarkably suppressed in Ta TE RRAM cells. In
forming between the reference Pt TE and sample Ta TE particular, the variation coefficient of Rygg has been reduced
RRAM cells. One can easily see that the Ry, after forming of to only ~7% of its reference value in Pt TE RRAM cells. For
Ta TE RRAM cells (~100 Q), is much larger than that of comparative analysis of device-to-device switching uniformity,
reference Pt TE RRAM cells (~10 Q), which coincides well 10 Ta TE RRAM cells as well as 10 reference Pt TE RRAM
with our proposal in Figure 1 that thinner filaments will form in cells were randomly chosen, and 50 successive unipolar resistive
Ta TE RRAM cells because of the voltage divider effect caused switching cycles were measured for each cell. The obtained data
by the interfacial layer and the Ta TE itself. were statistically analyzed and are provided in Figure $4,

Comparative analyses of both cycle-to-cycle and device-to- Supporting Information. Much better device-to-device switch-
device switching uniformity have been made between Ta/ ing uniformity has also been observed in Ta TE RRAM cells.
Ta,05(~10 nm)/Pt and reference Pt/Ta,Os(~10 nm)/Pt These results unambiguously demonstrate the feasibility of
unipolar RRAM cells. Figure 3a shows the current—voltage (I— improving unipolar switching uniformity by replacing the
V) curves of S0 successive unipolar resistive switching cycles of conventional inert Pt cathode with a chemically active Ta
a representative reference Pt TE RRAM cell. As expected, poor cathode. It is noteworthy that the improved unipolar switching
cycle-to-cycle switching uniformity is observed because of the uniformity by such a simple method in this work is found to be
random activation of CFs in the entire device. In sharp contrast, comparable or even better than that achieved by complex
Ta TE RRAM cells exhibit a highly uniform unipolar resistive methods documented in the literature (Figure S5, Supporting
switching behavior, as shown in Figure 3b. Such improvement Information),”*™®" which indicates a highly cost-effective
in cycle-to-cycle switching uniformity can be revealed more performance of our method. In addition, the Ta TE RRAM
clearly by the cumulative distributions of R;ps and Rypg in cells evaluated in the dc voltage sweeping mode also exhibit
Figure 3c and of V, and Vi, in Figure 3d, and also by the much better unipolar switching endurance (>900 cycles) than
variations of Rygs, Ryrsy Viey and V., with a switching cycle reference Pt TE ones and good retention performance (Figure

number in Figure S3, Supporting Information. To provide a S6, Supporting Information). The endurance of Ta TE RRAM

6456 DOI: 10.1021/acsami.7b19586
ACS Appl. Mater. Interfaces 2018, 10, 6453—6462


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19586/suppl_file/am7b19586_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19586/suppl_file/am7b19586_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19586/suppl_file/am7b19586_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19586/suppl_file/am7b19586_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19586/suppl_file/am7b19586_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b19586

ACS Applied Materials & Interfaces

Research Article

@) PTG (C)  HAADF o TaiBt o TarO+Pt (e)fT5 Raw
PtTE (-) 23 Ta TE [—Sum
_ ——Background
3| TaTE
PtBE 100m z
S PtBE
c (]
2 A (Ta"): 40.7%
B+C (Ta"): 32 3'“3_
D (Ta®"): 27.0%
OF Ta TE
3t s
g 2
2 e 0
8 2 (Ta"): 36.3%
< B+C (Ta ): 31.9%
D (Ta""): 31.8%

10

Distance (nm)

20 30
Energy Loss (eV)

30 40

Figure 4. Direct TEM analysis on the conducting filaments in reference Pt/Ta,O5(~10 nm)/Pt and sample Ta/Ta,05(~10 nm)/Pt unipolar RRAM
cells. TEM images of representative CFs in (a) reference Pt TE and (b) sample Ta TE RRAM cells. (c) EDS mapping, (d) EDS line scan, and (e)
low-energy EELS analysis around the CF in (b). The high-angle annular dark field scanning TEM images in (c—e) are used to denote the exact
regions for each analysis. In (e), the raw data are fitted by referring to ref 46 and the area percentages of Ta’, Ta*', and Ta**signals are provided.
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Figure S. The method for realizing 14 of 16 Boolean logic functions using a compact “one switch + one unipolar RRAM cell” hybrid structure. (a)
Circuit sketch of the hybrid structure. (b) Correspondence between input logic values and physical signals of S and V. (c) Finite state machine of the
Ta TE RRAM cell in (a). It depicts the state transition directions under each SV combination. (d) Detailed operation methods of 14 Boolean logic

functions.

cells will certainly show further enhancement in pulse voltage
mode for practical use in future, wherein the accumulation of
serial voltage pulses in a single voltage sweeping operation that
can lead to device aging is eliminated.

To further confirm the origin of switching uniformity
enhancement in Ta TE RRAM cells, cross-sectional specimens
of both types of RRAM cells were cut from LRS cells using an
FIB system, and then the CFs therein were characterized by
high-resolution TEM with EDS and EELS analytical
accessories. To ensure that the captured CFs are the active
ones for switching, cross-sectional specimens were deliberately
cut from the close vicinity of contact points between the W-
probe and the Pt or Ta TE because here is usually the active
switching region."” Figure 4a shows the TEM image of a typical
CF in the reference Pt TE specimen, which is indeed pseudo-
cylindrical with a large d,/d, of 0.7. In sharp contrast, cone-
shape CFs with high conicity are found as expected in the Ta
TE specimen, showing a much smaller d,/d, of 0.4 in Figure 4b.
Other similar CFs in each specimen were also captured and are
shown in Figure S7, Supporting Information. These results
indicate a switching mechanism with multiple filaments in our
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RRAM cells. Also, the overall size of CFs in the Ta TE
specimen is obviously smaller than that in the reference Pt TE
specimen, which verifies the effective role of the load resistor by
the Ta/Ta,Oj; interface as well as the Ta TE itself in preventing
the overgrowth of CFs and also accords well with the larger
Rigs and V., of Ta TE RRAM cells in Figure 3c,d.”’
Meanwhile, the composition of CFs has been analyzed to better
understand the switching mechanism, and the CFs in Ta TE
RRAM cells were selected for such analysis because of their key
role in this work. EDS mapping and the line scan results in
Figure 4¢,d clearly indicate a much higher Ta content within
the CF region than that in the surrounding Ta,Oj layer. The O
K-edge EELS result in Figure S8 (Supporting Information) also
reveals a much lower O content within a CF region than that in
its surrounding, suggesting that the formed CFs are oxygen-
deficient in composition. To clarify the exact valance of Ta
content within CFs, low-energy EELS spectra were obtained in
both the CF region and the surrounding Ta,Oj layer and fitted
accordingly (Figure 4e).*® The Ta" content increases obviously
from 36.3% in the surrounding Ta, Oy layer to 40.7% in the CF
region, with the Ta*" species decreasing from 31.8 to 27.0%
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accordingly, suggesting that the formation of cone-shaped
metallic Ta CFs accounts for the improved unipolar switching
uniformity in Ta TE RRAM cells. Besides, in good agreement
with that observed in other Ta,05 RRAM cells by the HP lab,*”
the formed Ta CFs are found to be amorphous based on fast
Fourier transform (FFT) analysis (Figure S9, Supporting
Information).

With such highly uniform unipolar switching in Ta TE
RRAM cells with cone-shaped CFs, we have further explored
their logic-in-memory application. The logic functions realized
using unipolar RRAM to date are very limited in number, and
each of them requires a unique circuit configuration, which is
possibly because of the fact that only a single type of the input
logic signal was used.”>™** To overcome this problem, we
herein propose a novel “one switch + one unipolar RRAM cell”
hybrid structure, as schematically shown in Figure Sa. In this
case, both the switch’s physical state (S) and the external
voltage (V) can be used as input logic signals. Herein, it is
noteworthy that the switch is used to better understand and
easily demonstrate the proposed novel logic concept in this
work, whose function can be readily implemented by a popular
transistor in practical use (Figure S10, Supporting Informa-
tion). As for the output logic value after a certain logic
operation, it is still automatically stored in the unipolar RRAM
cell, whose nonvolatile HRS and LRS are defined as output “0”
and “1”, respectively.”” >* Figure 5b shows the defined
correspondence between input logic values and physical signals.
That is, for S, input logic 0 and 1 mean that the switch is turned
on and off, respectively, whereas for V, input logic 0 and 1 mean
that it can write the Ta TE RRAM cell into state “0” and “17,
respectively. With such a definition, the switching direction of
the Ta TE RRAM cell under each SV combination can be
found in Figure Sc. In detail, if initially, in the “0” state, the 01
combination switches the Ta TE RRAM cell into the “1” state,
the other three combinations (00, 10, and 11) cannot change
its memory state. In contrast, if initially, in the “1” state, the 00
combination switches it into the “0” state, the other three
combinations (01, 10, and 11) cannot change its memory state.
These can be mathematically expressed by

Z = (S ORV)-Z, + (S RNIMP V)-(NOT Z,) 1)

where Z, and Z represent the Ta TE RRAM cell’s state before
and after inputting a certain SV combination, respectively. With
this equation, 14 of 16 Boolean logic functions are found to be
feasible in no more than three sequential write cycles (denoted
in sequence as W1, W2, and W3), as shown in Figure Sd. “p”
and “q” in this figure are used conventionally to represent the
two input logic variables. For example, the AND function can
be realized in two write cycles with SV = Op in W1 and SV = 40
in W2. In detail, the intermediate state Z’ after SV = Op in W1 is

Z' = (00Rp)-Z, + (0 RNIMP p)-(NOT Z,) = p ()

and thus the final state Z after SV = g0 in W2 is

Z = (g OR0)-Z' + (g RNIMP 0)-(NOT Z')

= (¢ OR0)-p + (¢ RNIMP 0)-(NOT p) = p AND g
(©)
The feasibility of the proposed logic operation methods in
Figure Sd has been experimentally demonstrated by the
combination of Figure 6 and Table 2. To ensure consistency,
the Ta TE RRAM cell was initialized into the “0” state before
performing each logic function. Such an initialization step is not
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Figure 6. Experimental results of the 14 Boolean logic functions in
Figure Sd. (a) Results of functions that can be completed using only
one write cycle. (b) Results of functions that can be completed using
two write cycles. (c) Results of functions that need to be completed
using three write cycles. The periods of all write and read cycles are ~4
s.

necessary in practical application because it relates only to the
detailed switching process during W1 but will not affect the
state after W1. During the entire performing process, input
logic 0 and 1 for V corresponded to a sweep of 0V — 12V —
0 V without I, and a sweep of 0 V. — 3 V — 0 V with I, of
1 mA, respectively. After performing each logic function, a read
cycle (R) was used to check the output logic value that was
automatically stored in the Ta TE RRAM cell. For simplicity,
only the results for the AND function are taken as an example
to provide a detailed description. In W1, 0 and p were input
into S and V, respectively (Figure Sd), which led to the
following two cases. First, with p = 0, the SV combination was
actually 00, which resulted in the closing of the switch and the
applying of a0 V — 1.2V — 0 V sweep without I ,,,, on the Ta
TE RRAM cell. Because the Ta TE RRAM cell had already
been initialized into the “0” state before W1, it would stay
unchanged during W1. If so, in W2 with SV = q0, neither the 00
(g = 0) combination nor the 10 (g = 1) combination could
change the Ta TE RRAM cell’s state (Figure Sc),
corresponding respectively to output = p AND g = 0 AND 0
= 0 (Figure 6bl) and output = p AND q =0 AND 1 =0
(Figure 6b3). Second, with p = 1, the SV combination was
actually 01 in W1, which resulted in the closing of the switch
and the applying of a0 V — 3V — 0V sweep with I, of 1

Comp

mA on the Ta TE RRAM cell. Because the Ta TE RRAM cell
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Table 2. Truth Table of the 14 Boolean Logic Functions in Figure 5d and Corresponding Experimental Results in Figure 6

logic function

true

false

NOT p

NOT ¢q

p AND ¢

p NAND ¢

p ORg

p IMP q

p NIMP g

p RIMP ¢

p RNIMP g

p XOR g

input W1 w2 w3

P q S v N N v N% N 14 N%
0 0 0 1 01

0 1 0 1 01

1 0 0 1 01

1 1 0 1 01

0 0 0 0 00

0 1 0 0 00

1 0 0 0 00

1 1 0 0 00

0 0 0 p 00

0 1 0 P 00

1 0 0 p 01

1 1 0 P 01

0 0 0 q 00

0 1 0 q 01

1 0 0 q 00

1 1 0 q 01

0 0 0 0 00 P 1 01

0 1 0 0 00 p 1 01

1 0 0 0 00 p 1 11

1 1 0 0 00 p 1 11

0 0 0 0 00 q 1 01

0 1 0 0 00 q 1 11

1 0 0 0 00 q 1 01

1 1 0 0 00 q 1 11

0 0 0 p 00 q 0 00

0 1 0 p 00 q 0 10

1 0 0 P 01 q 0 00

1 1 0 p 01 q 0 10

0 0 0 0 00 P 1 01 q 1 01
0 1 0 0 00 p 1 01 q 1 11
1 0 0 0 00 p 1 11 q 1 01
1 1 0 0 00 p 1 11 q 1 11
0 0 0 1 01 p q 00

0 1 0 1 01 P q 01

1 0 0 1 01 p q 10

1 1 0 1 01 P q 11

0 0 0 q 00 p 1 01

0 1 0 q 01 p 1 01

1 0 0 q 00 p 1 11

1 1 0 q 01 p 1 11

0 0 0 0 00 q P 00

0 1 0 0 00 q p 10

1 0 0 0 00 q P 01

1 1 0 0 00 q p 11

0 0 0 p 00 q 1 01

0 1 0 P 00 q 1 11

1 0 0 p 01 q 1 01

1 1 0 p 01 q 1 11

0 0 0 0 00 p q 00

0 1 0 0 00 p q 01

1 0 0 0 00 P q 10

1 1 0 0 00 p q 11

0 0 0 0 00 p q 00 q p 00
0 1 0 0 00 p q 01 q P 10
1 0 0 0 00 P q 10 q p 01
1 1 0 0 00 P q 11 q p 11

output
1

O = 2 O O O = O K H O O O O H O FH H H FH H O O FH H H H O O © O H O H O O FH H FH O H O H H O O © O © O —H H =

experimental results

(a2)
(a2)
(a2)
(a2)
(a1)
(a1)
(a1)
(al)
(a1)
(a1)
(a2)
(a2)
(a1)
(a2)
(al)
(a2)
(b2)
(b2)
(b4)
(b4)
(b2)
(b4)
(b2)
(b4)
(b1)
(b3)
(bs)
(b7)
(c1)
(c2)
(c3)
(c4)
(bs)
(b6)
(b7)
(b8)
(b2)
(b6)
(b4)
(b8)
(b1)
(b3)
(b2)
(b4)
(b2)
(b4)
(b6)
(b8)
(b1)
(b2)
(b3)
(b4)
(c5)
(c6)
(<7)
(c4)

had already been initialized into the “0” state before WI, it
would be switched into the “1” state after W1. If so, in W2 with
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SV = q0, the 00 (q = 0) combination would switch the Ta TE
RRAM cell back into the “0” state, but the 10 (q = 1)

DOI: 10.1021/acsami.7b19586

ACS Appl. Mater. Interfaces 2018, 10, 6453—6462


http://dx.doi.org/10.1021/acsami.7b19586

ACS Applied Materials & Interfaces

Research Article

combination could not change its state (Figure Sc),
corresponding respectively to output = p AND g = 1 AND 0
= 0 (Figure 6bS) and output = p AND g =1 AND 1 = 1
(Figure 6b7). These results have unambiguously demonstrated
the feasibility of realizing 14 of 16 Boolean logic functions using
the novel “one switch + one unipolar RRAM cell” hybrid
structure in no more than three sequential logic cycles.

It is noteworthy that the remaining NOR and XNOR
functions can be deliberately realized by performing OR and
XOR functions first to get intermediate results, followed by
running the NOT algorithm with previous intermediate results
as input logic values. Alternatively, introducing a standard
CMOS inverter in the peripheral circuit can also help to realize
the NOR and XNOR functions with the “one switch + one
unipolar RRAM cell” hybrid structure in no more than three
sequential write cycles. For example, two sequential write cycles
with SV = 00 in W1 and SV = p(—g) in W2 can realize the
NOR function, and if further followed by a third write cycle W3
with SV = (—g)p, the XNOR function can be successively
realized (the “=” herein represents the function of inverting, i.e.,
=0 = 1 and =11 = 0). More importantly, the present “one switch
+ one unipolar RRAM cell” hybrid structure provides an
optimal solution for unipolar RRAM-based large-scale logic-in-
memory circuits. It not only guarantees the highest integration
density of 4F?/cell'® but also allows the use of only one series
transistor in the peripheral circuit as the switch to activate the
entire system with bitwise operating philosophy (Figure S10,
Supporting Information). The architecture of the computation
chip can be thus significantly simplified. Meanwhile, the
application scope of our logic algorithm can be further
extended to phase-change RAM, which shares the identical
operation mode as unipolar RRAM and promises to be a good
candidate for logic-in-memory application.*”*” Even our logic
algorithm is applicable for bipolar RRAM after the
correspondence between input logic values and V in Figure
Sb is simply revised as “input logic 0: V < V,.; input logic 1: V'
> V... (the bipolar RRAM here is assumed with positive V,,
and negative V). In future, increase in the difference
between V., and Vi of our Ta TE RRAM cells and logic
operation using pulse voltage based on nanoscale cells will be
considered and conducted to further advance this work.

4. CONCLUSIONS

In summary, we propose in this work a new methodology for
improving the unipolar switching uniformity by constructing
cone-shape CFs with a chemically active metal cathode in
unipolar metal—oxide RRAM. With the spontaneous interfacial
reaction between the Ta,Oj switching layer and the Ta
cathode, metallic Ta CFs with increased conicity are formed in
the Ta/Ta,O5(~10 nm)/Pt unipolar RRAM cells, as visualized
by high-resolution TEM observation. By restricting the rupture
of cone-shaped CFs to the tip region, their residual parts will
act as favorable locations for subsequent filament growth, thus
suppressing the random activation of CFs and finally resulting
in highly reduced switching nonuniformity with a minimum of
5.5%. Using Ta/Ta,04(~10 nm)/Pt unipolar RRAM cells with
improved switching uniformity, a compact “one switch + one
unipolar RRAM cell” hybrid structure is experimentally
demonstrated to realize all 16 Boolean logic functions for
large-scale crossbar logic-in-memory circuits.
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