Downloaded via UNIV OF TEXAS AT AUSTIN on May 6, 2024 at 21:27:19 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO... 5

pubs.acs.org/NanoLett

Quantum Conductance in Vertical Hexagonal Boron Nitride
Memristors with Graphene-Edge Contacts

Jing Xie, Md Naim Patoary, Md Ashiqur Rahman Laskar, Nicholas D. Ignacio, Xun Zhan,
Umberto Celano, Deji Akinwande, and Ivan Sanchez Esqueda™

Cite This: Nano Lett. 2024, 24, 2473-2480

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Two-dimensional materials (2DMs) have gained
significant interest for resistive-switching memory toward neuro-
morphic and in-memory computing (IMC). To achieve atomic-
level miniaturization, we introduce vertical hexagonal boron nitride
(h-BN) memristors with graphene edge contacts. In addition to
enabling three-dimensional (3D) integration (i.e., vertical stacking)
for ultimate scalability, the proposed structure delivers ultralow
power by isolating single conductive nanofilaments (CNFs) in
ultrasmall active areas with negligible leakage thanks to atomically
thin (~0.3 nm) graphene edge contacts. Moreover, it facilitates
studying fundamental resistive-switching behavior of single CNFs in CVD-grown 2DMs that was previously unattainable with planar
devices. This way, we studied their programming characteristics and observed a consistent single quantum step in conductance
attributed to unique atomically constrained nanofilament behavior in CVD-grown 2DMs. This resistive-switching property was
previously suggested for h-BN memristors and linked to potential improvements in stability (robustness of CNFs), and now we
show experimental evidence including superior retention of quantized conductance.
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Resistive-switching random access memory (RRAM) is
considered one of the most promising emerging
candidates for nonvolatile embedded memory, with applica-
tions in neuromorphic and in-memory computing (IMC)
architectures for artificial intelligence (AI), machine learning
(ML), and Internet of Things (IoT).'™ It provides good
scalability, low-power consumption, and fast-switching
speeds.” > Conventional RRAM cells (or memristors) consist
of two-terminal devices in a metal—insulator—metal (MIM)
configuration where the active material (insulating switching
layer) is sandwiched between top and bottom metal electro-
des.™"" A simple and compact structure and compatibility
with back-end-ofline (BEOL) processing makes RRAM a
viable candidate for CMOS+X paradigms (integration of
CMOS with X = emerging technologies).m_12 The working
principle of RRAM relies on the dependence of the internal
resistive state on the history of the applied voltage and/or
current.”” Among the various physical mechanisms responsible
for nonvolatile resistive switching (NVRS), formation and
dissolution of filamentary conductive pathways is one of the
most commonly employed.'* Recently, 2DMs have attracted
significant interest for RRAM due to promising NVRS
characteristics,””~'" even with atomically thin active layers
(e.g, 0.3 nm h-BN monolayers).”’>* Specifically, 2DM-based
RRAM is sought not just for their ultimate scalability but also
for their experimentally demonstrated ultralow write currents
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(fA) and programming energies (zJ),'”*’ high thermal
reliability and long-term retention, ultrafast switching speeds
(ps),” ™ reduced temporal and spatial variation, > etc.
In 2DM-based RRAM, large-area CVD-grown films are
desirable for wafer-scale integration. Here, hexagonal boron
nitride (h-BN) has attracted significant interest because of its
BEOL processing compatibility and excellent insulating
properties.”® Single-crystal (i.e., exfoliated) h-BN does not
exhibit stable resistive switching characteristics,”” ™' but
polycrystalline (i.e, CVD-grown) h-BN is widely studied for
2DM-based RRAM. In CVD-grown samples, native lattice
defects (e.g, vacancies, grain boundaries) promote the
penetration of metallic ions originating from the electrodes
to form conductive nanofilaments (CNFs). In fact, the
formation and dissolution of CNFs in CVD-grown h-BN
films is what enables its NVRS behavior, but a significant
defect density can lead to many conductive paths within the
active region of a single device. Thus, existing h-BN memristor
demonstrations using planar MIM configurations have many
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Figure 1. (a) Optical micrograph of a fully fabricated device array with different active widths. The insert in the red box shows the single device
with active widths equal to 10 gm. (b) Schematic of the vertical h-BN memristor with graphene-edge contact. (c) Annular dark field scanning
transmission electron microscopy (ADF-STEM) and (d, e) bright-field (BF)-STEM images at different magnification levels revealing the layered h-
BN switching medium as well as the graphene edge contact and surrounding materials (i.e.,, SiO, isolation and the Ti/Au top contact).

paths which are difficult to control in number, location, and
conductive state (on, off, or partial formed CNFs). Previous
work on planar CVD-grown h-BN memristors estimates that
>150 filamentary paths can be involved in NVRS of a single
device.”> Moreover, some of the CNFs cannot be turned off
and remain active; therefore, the current through the
memristor cannot be lowered below a certain level. In other
words, the resistance in the off state/high resistance state
(HRS) is severely limited. Granted, reducing the active area of
the device would reduce the number of conductive pathways.
However, scaling down the active area of CMOS-integrated
memristors is limited by the resolution of lithography dictated
by BEOL processing for a given technology node. For example,
a recent demonstration”” of h-BN memristors integrated in the
BEOL of a CMOS 180 nm node at the fourth metal layer with
via contact diameters of 260 nm achieved a minimum active
area of 53000 nm> To realize higher integration density and
improvement in power consumption (lower operating
currents), a smaller active area is needed.

The edge of atomically thin (0.3 nm thick) graphene has
been used as a contact for different electronic devices,** ¢
including previous work on metal-oxide-based RRAM.”” Using
graphene edge contacts, the active area of a memristor can be
significantly reduced in a vertical memristor configuration
(switching layer is integrated vertically; see Figure 1). For
example, a 100 nm graphene edge contact (thickness of 0.3
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nm) can achieve an ultrasmall active area of 30 nm?, which is
orders of magnitude smaller than that of previous demon-
strations. Whereas numerous studies have focused on NVRS
behavior of planar h-BN memristors, > #*3333539 pq reports
have discussed NVRS and scaling properties of vertical h-BN
memristors. In this work, combining the benefits of CVD-
grown 2DM and graphene edge contacts, we report vertical h-
BN memristors with ultrasmall active areas, low operating
currents (high resistance), and large Rypg/Rygg ratio. More-
over, the proposed structure enables 3D integration (vertical
stacking) for ultimate scalability and facilitates studying
fundamental NVRS mechanisms of single CNFs in CVD-
grown 2DM which was previously unattainable in planar
devices. We report a single quantum step in conductance
consistent with theorized atomically constrained nanofilament
behavior in CVD-grown 2DM-based memristors™~*'
ated with potential improvements in stability of CNF and
NVRS behavior. We show improvements in retention of
quantized conductance compared with other non-2DM
filamentary-based memristors.

The Au/Ti/h-BN/Gr(E) vertical memristors were fabri-
cated on a Si/SiO, wafer by using commercially available 2D
graphene and h-BN materials. First, the bottom Ti/Au
electrodes/pads were fabricated using conventional lithography
and etching processes. Then, CVD-grown graphene was
transferred, followed by deposition of 100 nm SiO, (isolation).

associ-
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Figure 2. (a) Representative 45 consecutive I—V curves showing bipolar RS in Au/Ti/h-BN/Gr(E) memristor with W = 20 ym and I = 10 pA.
(b) Cumulative probability distribution of HRS and LRS (read at 0.1 V). (c) Histogram of set and reset voltages. (d) I-V curves of Au/Ti/h-BN/
Gr(E) memristor showing the HRS trend with increasing W. The inset shows the device structure with W indicated on the schematic. (e) Statistical
analysis of HRS and LRS as a function of W. (f) G,, versus G.4 comparison for h-BN memristors.

We then pattern and etch the top SiO, isolation layer as well as
the graphene contacts with an ~20 nm recessed SiO, substrate
to expose the graphene edge in the newly formed SiO,
sidewall. Subsequently, CVD-grown h-BN (multilayered) was
transferred and patterned to extend over the SiO, isolation
layer and sidewall with the exposed graphene edge contacts.
Finally, we deposit 25 nm Ti and 25 nm Au patterned as the
top electrode using a standard lithography/evaporation/lift-off
process. More details about fabrication steps as well as Raman
spectra for the as-transferred graphene and h-BN layers are
provided in the Supporting Information. Figure la shows an
optical micrograph of the sample with a fully fabricated array of
vertical h-BN memristors with graphene edge contacts. The
inset shows a close-up view of one device with an active area
width (W) of 10 um. A cross-sectional schematic of the vertical
h-BN memristor with graphene edge contacts is shown in
Figure 1b. Annular dark field scanning transmission electron
microscopy (ADF-STEM) images in Figure 1c and bright-field
(BF)-STEM images in Figure 1d,e reveal the critical h-BN
switching layers as well as the graphene (Gr) edge contact
(STEM methods and additional images are provided in the
Supporting Information). We note amorphous regions in the
h-BN layer near the graphene edge contact. This is expected
due to native defects formed in CVD-grown samples and
needed for stable NVRS behavior. Also, a few dark spots that
appear near graphene in the TEM images are attributed to
residue from the transfer process.

To investigate the resistive switching (RS) behavior of the
vertical h-BN memristor with graphene edge contact, standard
dual-sweep current—voltage (I—V) measurements were con-
ducted. In these measurements, the bottom electrode is
grounded while the top electrode is swept in positive and
negative directions while measuring current across the device.
Typical dual-sweep I-V characteristics are shown in Figure 2a
over multiple (45) cycles measured at room temperature (300
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K) for a vertical h-BN memristor with active region W = 20
um. We note that a current compliance (CC) was used to limit
the current during the positive side of the voltage sweep held at
Icc = 10 pA. The measurements reveal forming-free bipolar
NVRS behavior with extremely low off-state (HRS) current in
the picoampere (read at 0.1 V) range. This confirms negligible
leakage and is attributed to the atomically thin graphene edge
contact and ultrasmall active area for vertical h-BN memristors.
Moreover, a control sample without the graphene layer was
fabricated and tested to rule out alternative conductive paths.
All devices tested in the control sample confirm no resistive-
switching behavior and negligible leakage (see the Supporting
Information). A closer look at the (cycle-to-cycle) statistical
behavior is provided in Figure 2b,c. Cumulative distributions
of resistance in the high-resistance state (HRS) and low-
resistance state (LRS) from all 45 dual-sweep I-V cycles are
plotted in Figure 2b. These values are extracted at a read
voltage of 0.1 V. The cumulative distributions indicate a large
on/off ratio of >107, which is significantly larger than what is
typically obtained in planar h-BN memristors,” but also much
larger than what is typically reported on oxide-based vertical
RRAM.*** A large HRS/LRS ratio (memory window) is
desirable for stability, capacity, and reliable crossbar array
implementation.***> We note that the dispersion in each of the
distributions (HRS and LRS) is only slightly over a decade in
resistance, which is a much smaller range compared to the
memory window. Also indicated in Figure 2b (dashed line) is
the value for the quantum resistance G, ' = (2¢°/h) "'~ 12.9
k€, where q is the electronic charge and h is Planck’s constant.
The fact that LRS resistance is near G, indicates atomic-scale
CNF operation with single or few conductive paths in effect
(small active area). Instead, earlier work on planar h-BN
memristors show HRS resistance near G;' (and HRS/LRS
ratios of ~10—1000) because of incomplete control over CNFs
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Figure 3. (a) Conductive map of the h-BN sample obtained by conductive atomic force microscopy (c-AFM). The signal is collected with the
probe grounded and the bias (6 V) applied to the sample’s bottom electrode as depicted in the inset (top). Detailed view of a conductive spot is
reported (inset bottom) to show the actual size of the defect size. (b) The statistical distribution of spot sizes obtained from the 2D c-AFM map

shown in the inset.
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Figure 4. (a) Schematic of the device from a top view showing the formation of the conductive path in h-BN from Ti to graphene. (b) Single-step
conductance change of Au/Ti/h-BN/Gr(E) vertical devices based on current sweep measurements. (c) Contour plot of conductance cumulative
distribution vs current from over 35 device measurements. (d) Conductance retention measurements at room temperature with V,.,4 = 0.1 V. (e)
Comparison of vertical h-BN memristor retention with planar devices with amorphous switching layers.

with many existing paths over large active areas.*® Figure 2c
shows histograms of set and reset voltages obtained from all 45
cycles of I-V measurements on the vertical h-BN memristors.
The histograms show an average set voltage of approximately
Vit =4V and an average reset voltage of approximately Vo, =
—2.5 V. While V., distribution is slightly wider than V., a
sufficient voltage range (~+2 V) is available for read or IMC
operations without disturbing the cell. We note that these V,,./
Vreset

sandwiched structures. As previously reported,” set and reset

values are larger than those in memristors with planar

voltages can increase as active areas are shrunk down due to
the reduced number of active native defects for CNF behavior.
In this work, we study NVRS in ultrasmall active areas using an
atomically thin graphene edge contact as the bottom electrode,
so it is reasonable that V,/V,.. voltages are slightly higher.
Also shown in the Supporting Information are extractions of
HRS and LRS resistance (same data from Figures 2a,b), but
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plotted as a function of cycle number to confirm no systematic
drift in the conductive states.

Figure 2d,e provides more evidence of filamentary NVRS
behavior. Figure 2d shows dual-sweep I—V measurements from
vertical h-BN memristors with an increasing active area width
(w). Increasing W results in more current in the HRS (easier
to observe for negative voltages), but the LRS is mostly
unaffected. This is confirmed in Figure 2e where we plot
extractions of HRS and LRS resistance (extracted at V,o,q = —1
V) and plot them as a function of W. The error bars account
for device-to-device variation (~1 decade in resistance) based
on measurements of identical devices. As shown, HRS
resistance increased with reducing the active area (W), but
LRS resistance is mostly unaffected, indicative of filamentary
NVRS.*’ Figure 2f compares HRS and LRS conductance (G,,
and G, for LRS and HRS, respectively) from vertical h-BN
memristors reported in this work against previous reports from
planar h-BN memristors.””%! 1 ©20:33,3948 Clearly, our vertical
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h-BN memristors with graphene edge contacts achieve the
smallest G4 because of the ultrasmall active area. It also
achieves one of the smallest G,, (at or slightly below G,), as
conductive paths are better isolated to a single or few atomic-
scale CNFs. The smaller G,,, reported by Zhu et al.” is due to
a one-transistor one-memristor (1T1M) configuration where
the transistor acts as a current limit (i.e, limits LRS
conductance).

To better understand NVRS behavior resulting from atomic-
scale CNF operation in vertical h-BN memristors with
graphene edge contacts, we used a current sweeping method.
In this method, instead of sweeping voltage and measuring
current, we sweep the current across the device while
monitoring the voltage. The current sweeping mode can
suppress the effect of current overshoot, thereby enabling a
self-compliant set process’ to better observe formation of
atomic-scale CNFs and corresponding quantized steps in
conductance. This method was previously employed in other
(amorphous) material systems with filamentary NVRS
behavior to characterize quantized conductance steps as a
function of current.*”*" In those devices, the current sweeping
method allows gradual thickening of CNFs (because of
limiting current overshoot), resulting in quantized steps of
the conductance (multiple steps in units of G,)."”~>* Here, the
switching material is polycrystalline CVD-grown h-BN (multi-
layered) where CNFs are formed at the location of native
defects (e.g, grain boundaries) that are surrounded by
insulating regions of crystalline h-BN.*~*' Thus, in CVD-
grown h-BN memristors, the CNFs are already limited in
thickness to an atomically constrained native defect. To
estimate the lateral dimensions of conductive defect sites in h-
BN, we used high-sensitivity conductive atomic force
microscopy (c-AFM). Here, a nanosized conductive (Pt-
coated) AFM probe is scanned in direct contact with the h-BN
surface while a voltage is applied to the tip—sample system
(inset Figure 3a). Figure 3a shows multiple conductive spots
that are natively present on the h-BN surface. The size of the
spots is reported in Figure 3b, where we show the distribution
of the spot size obtained for a S00 X 500 nm” region. Although
the shape of the conductive spots is not perfectly circular, for
the sake of simplicity, we extract for each spot the equivalent
disk radius, as shown in Figure 3b. It is worth noting that the
actual spot size is slightly smaller than the measured values.
The reason for this overestimation can be found in a non-
negligible lateral tip—sample electronic leakage that occurs
while the moving tip is approaching the conductive spots. This
is considered to introduce ~1 nm overestimation on the
electrical convolution of the spots (i.e., h-BN defect sites).
More details on the c-AFM are provided in the Supporting
Information.

Based on our c-AFM observations, Figure 4a depicts the
atomically constrained CNF behavior in CVD-grown h-BN
with a cross-sectional schematic diagram (top view) of the
active region where the graphene edge contacts h-BN. Note
that the graphene edge is not necessarily armchair and was not
intentionally oriented in the fabrication of the vertical h-BN
memristors. Considering the thickness of the graphene contact
and the typical area of conductive regions in CVD-grown h-BN
(Figure 3), we estimate CNF cross-sectional areas limited to a
few nm?® Figure 4b plots the conductance (in units of G,)
obtained as a function of sweep current for multiple devices
with various W. A few interesting observations are made. First,
a single step in conductance is measured occurring at small
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programming currents (<2 yA) with no additional steps with
increasing current. This contrasts what was observed on
amorphous materials where multiple steps in conductance at
similar intervals in programming current were obtained as the
filament becomes thicker, consistent with quantum point
contact (QPC) theory.”' We attribute the existence of a single
step to the unique atomically constrained CNF behavior of
CVD-grown h-BN (similar behavior expected in other CVD-
grown 2D layered materials like TMDs), which limits the
width of the conductive paths through lateral confinement.*'
However, we consider that this behavior is only attainable in
the vertical h-BN memristors (as opposed to planar h-BN
memristors) due to the ultrasmall active area, which allows
isolating single CNFs. Second, similar behavior is observed for
devices with different W values ranging from 10 to 100 ym,
although this may not be surprising given the filamentary
behavior of the device. We speculate that even in devices with
different W values, only a single CNF is formed during the
current sweep. Once formed (at the transition of con-
ductance), we observe a sharp drop in the measured voltage
to sustain the same amount of current (Figure S2). Third, the
measured step in conductance is only a fraction of G,. We note
that previous work has reported “subquantum” conductance in
devices with semiconducting materials used to form the
conductive paths.”® Here, we attribute the sub-G, conductance
in h-BN memristors to quasi-ballistic transport resulting from
scattering in metallic CNFs (in this case Ti CNFs) formed
across the defect-rich >5 nm h-BN thickness. We note that we
are accounting for an estimated graphene contact resistance of
approximately 7 k€ considering that significant current
crowding effects may exist as the conductive path is limited
to single CNF in the h-BN layers. A different visualization of
the device-to-device variability in current-sweep programming
is provided in Figure 4c, where we plot contours of
conductance as a function of programming current from
more than 35 device measurements. Additional multicycle
measurements of current sweeps on a single device are
provided in the Supporting Information indicating repeatability
in sub-G, conductance programming.

Finally, we study the robustness of atomically constrained
CNFs in vertical h-BN memristors with graphene edge
contacts by measurements of retention in quantized con-
ductance. Previous work’*™*' has proposed that the unique
NVRS behavior in CVD-grown h-BN, where CNFs are formed
in pre-existing defective regions surrounded by insulating
crystalline h-BN grains, could enhance robustness compared to
amorphous materials where filaments are more susceptible to
naturally dissolve. Indeed, devices with amorphous switching
layers have shown the effect of naturally dissolving filaments as
a spontaneous decay toward HRS in quantized conductance
steps.49’50 Here, retention tests were conducted on a few
vertical h-BN memristors immediately after programming to
LRS with the current sweeping method. In the retention test,
we apply a fixed small read voltage of 0.1 V and sample current
in logarithmic steps to cover a wide time range from
approximately S ms up to 12.5 ks. The results are shown in
Figure 4d, where we plot conductance (units of G,) vs time
showing negligible drift (the inset shows the test biasing
conditions). To compare against other metal-ion-based
resistive switching devices (i.e., Cu/SiO,/W and Cu/
polymer/Al) we replot conductance vs time in Figure 4e
including the measurements from these two other technolo-
gies. For each case, there are a few different retention
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measurements from devices programmed to different values of
conductance near G, The comparison indicates that the
vertical h-BN memristors can achieve better retention (even at
lower G, which typically limits retention) compared to the
other devices with amorphous switching layers, where
spontaneous decay is observed. Preliminary pulsed voltage
experiments are also presented in the Supporting Information
(see Figure S8) with a large number of set/reset cycles and
discussion about endurance.

In conclusion, we have introduced, fabricated, and
characterized vertical h-BN memristors with graphene edge
contacts. In this configuration, the proposed structure delivers
ultralow power by isolating single conductive nanofilaments
(CNFs) in ultrasmall active areas with negligible leakage.
Statistics for the NVRS behavior of vertical h-BN memristors
with graphene edge contacts are presented, as well as the
dependence on graphene edge contact width (W). The
measured devices achieve orders-of-magnitude improvements
in on/off ratio and low current operation compared with
planar h-BN memristors. Moreover, the ultrasmall active area
facilitates studying the quantum behavior of atomically
constrained CNF operation in CVD-grown h-BN switching
layers. Here, single-step subquantum conductance is observed
and analyzed, and the robustness of atomically constrained
CNFs is tested by retention measurements. Compared against
other metal-ion-based resistive switching devices, the vertical
h-BN memristors show better stability. This is attributed to the
unique NVRS behavior in CVD-grown h-BN, where CNFs are
formed in pre-existing defective regions surrounded by highly
stable insulating crystalline h-BN grains. The proposed vertical
h-BN memristor technology is promising for future 3D
integrated (vertically stacked) 2D-material-based ultralow
power RRAM.
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