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ABSTRACT Reported here are easily accessible memory devices based upon stripes of chemical vapor
deposited (CVD) nanosized irregular discs of graphitic material that can be layered in stripes =10 nm thick with
controllable lengths and widths. These lithographic graphitic stripes, which can be easily fabricated in large
quantities in parallel by conventional fabrication techniques (such as CVD and photo- or e-beam lithography),
with yields >95%, are shown to exhibit voltage-induced switching behavior, which can be used for two-terminal
memories. These memories are stable, rewritable, and nonvolatile with ON/OFF ratios up to 107, switching times
down to 1 s (tested limit), and switching voltages down to 3—4 V. The major functional parameters of these
lithographic memories are shown to be scalable with the devices’ dimensions.
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ver the past decade, there has

grown a demand for truly nano-

sized electronic switches and
memories that can be scaled beyond con-
ventional CMOS counterparts. Numerous
nanosized objects, including carbon
nanotubes,’? semiconductor nanowires,>*
quantum dots,” graphene nanoribbons,®”
and even individual organic molecules,®®
have been proposed and extensively stud-
ied as possible candidates for nanoscale
electronic devices. However, though some
of these recently reported devices exhibit
superior performance compared to silicon-
based structures, CMOS devices are ulti-
mately unrivaled in terms of fabrication fea-
sibility. While millions of CMOS devices can
be made in parallel with high yield by con-
ventional lithographic techniques, fabrica-
tion of devices based on individual nano-
sized objects remains a challenge and often
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10.1021/nn9006225 CCC: $40.75 bon,'® which were shown to exhibit supe-
rior two-terminal memory properties.'
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same device fabrication problems that are
typical of nanosized objects, such as varia-
tion in properties between individual struc-
tures and hard-to-achieve placement in
specific sites and wiring, and are thus un-
likely to become building blocks for large-
scale memory arrays. Interestingly, chemi-
cal vapor deposited (CVD) amorphous
carbon, which has been known for de-
cades, when viewed at the nanoscale do-
main size, possesses ~5 nm diameter ir-
regular disks of graphitic material that can
be arranged in conformal arrays that are
5—10 layers thick. These conformal arrays
of CVD graphitic sheets have intriguing
properties that could be used for newly
emerging applications such as two-terminal
memories or programmable vias. The
memory-based applications of these CVD-
grown graphitic structures are discussed
here. The lithographically accessed gra-
phitic memories exhibit voltage-induced
two-terminal switching behavior typical of
graphitic nanocables,’’ but at the same
time, they can be fabricated in large quanti-
ties in parallel by conventional techniques
with yields >95%. These lithographic gra-
phitic memories are stable, rewritable, and
nonvolatile, with up to 107 ON/OFF ratios
and switching times as short as 1 ps (tested
limit). In contrast to nanocables, the major
functional parameters of these lithographic
memories can be precisely controlled by
the fabrication conditions.

Herein we consider two types of conven-
tional lithographically accessible embodi-
ments for the two-terminal graphitic
memories: planar (a stripe of CVD-grown
carbon bridging two electrodes) and verti-
cal (a CVD carbon film inside the hole con-
necting top and bottom electrodes). These
two embodiments are suitable for various
electronic device studies ranging from
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planar reprogrammable interconnects
and film-based sensors to densely
packed vertical memories and pro-
grammable vias. Most of the focus
here is upon the planar stripe devices

because the graphitic material is easily Sio,

observed for study, whereas the verti-
cal devices are buried under the top
electrode and therefore harder to as-
sess. Nonetheless, the basic vertical
device behavior is demonstrated here
and shown to be analogous to the pla-
nar structure’s behavior.

RESULTS AND DISCUSSION
Two-terminal electronic devices
based on graphitic stripes were fabri-

cated according to the general
scheme shown in Figure 1 (see Experi-  4avices.
mental Section for details). We fabri-

cated and tested a series of two-terminal devices with
a source—drain length (/) between the electrodes in the
range of 0.25—3 um, a carbon stripe width (w) span-
ning 0.2—5 pum, and a carbon layer thickness (t) of 5—10
nm. However, we have found that the conductivity of
such fabricated devices decreases dramatically with t,
so that devices based on 5 nm thick carbon stripes were
not as reliably conductive. Therefore, the results of elec-
trical measurements discussed in the following were
obtained on the 10 nm thick striped devices.

A top-view scanning electron microscopy (SEM) im-
age of a typical device is shown in Figure 2a. This struc-
ture contains 6 two-terminal devices and also provides
a testbed for various experiments, such as four-probe
electrical measurements and studying the effect of / on
the devices’ performance. Figure 2b,c shows a typical
AFM image of a carbon stripe along with two represen-
tative height profiles, suggesting that the synthesized
stripes are uniform along their lengths. High-resolution
transmission electron microscopy (HRTEM) image of the
CVD-grown carbon coating is presented in Figure 2d,
in which the amorphous SiO, substrate and the carbon
layer consisting of discontinuous graphitic sheets are
clearly distinguished. It is noteworthy that the graphitic
coatings have a layered structure with most of the con-
formally grown graphitic sheets nearly parallel to the
surface of the substrate. These amorphous carbon-
derived sheets are about 5 nm in length and exten-
sively buckled. These observations are in agreement
with the results of Raman spectroscopy (Figure 2e):
spectra of graphitic coatings possess well-pronounced
D- and G-bands, indicating the presence of both sp?
and distorted sp? or sp® carbon atoms, which is typical
for amorphous carbon. According to the results of four-
probe electrical measurements, the resistivity of CVD-
grown carbon in graphitic stripes is ~4 X 1073 Q- um

www.acsnano.org

C,H, +H,, 700 °C

Highly doped Si

Highly doped Si

Cr dissolution;
Lithography
Highly doped Si

Figure 1. Fabrication of graphitic stripe devices. (a) CVD growth of carbon coatings
onto silicon wafers. (b) Photo- or e-beam lithography to fabricate chromium stripes. (c)
Removal of unprotected carbon by UV—ozone. (d) Dissolution of chromium and second-
step lithography to define platinum contacts atop the stripes to form two-terminal

(Figure 2f), which is higher than typical values reported
for bulk amorphous carbon.'?

Figure 2f shows that as-fabricated devices exhib-
ited Ohmic behavior at low voltages. However, as the
voltage increases, the device exhibits a nonlinear in-
crease in conductance until at some voltage the cur-
rent drops down with a peak-to-valley ratio >4000 (Fig-
ure 3a). We refer to this voltage as the break voltage
(Voreak)- SEM images of devices before and after Vpeak
clearly demonstrate that the current drops due to the
formation of a crack across the carbon stripe (Figure
3b,c). Typically, the width of these cracks varies along
its length from ~20 nm to only a few nanometers and
occurs near the middle portion of the stripe, a location
far from the heat-sinking sites of the electrodes. Similar
electrical Vieak curves were previously reported for dif-
ferent carbon nanomaterials including carbon
nanotubes,'*'* nanowires,'> and graphene sheets.'®
Interestingly, however, the conductance of the carbon
stripes, which had diminished during sweeping the
voltage from 0 V t0 Vjear, Can be restored during the
back sweep. Figure 3a shows that the current drasti-
cally increases at a voltage of about 10 V upon the back
sweep. We will further refer to this characteristic volt-
age as the switching voltage (Vswich) because, after
the initial Ve the device will exhibit a transition
from a high-conductance state at V < Vjyitch to low-
conductance state at V > Ve, regardless of the sweep
direction. In contrast to the Vjyeak Of the carbon stripes,
the transition from one state to another at around Viyitch
was not associated with observable changes in the cor-
responding SEM images. Therefore, the changes in the
structure at Vi are buried within the crack region,
and they are not observable.

The carbon stripe devices possess memory effects
because the I—V behavior depends on whether the pre-
vious scan was left in a high- or low-conductance state.
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Figure 2. Structural properties of graphitic stripe devices. (a) SEM im-
age of a typical multi-terminal device, where a single 10 nm thick gra-
phitic stripe is contacted by multiple Pt electrodes with varying spac-
ings. (b) AFM image of a typical stripe along with (c) representative
height profiles showing that these stripes are 5 nm thick. Note that
subsequent electrical data are on 10 nm thick stripes. (d) Fragment of
a typical cross-section HRTEM image of graphitic layers (marked as G)
on Si/SiO, substrate, recorded from a focused ion beam (FIB)-cut sur-
face. The individual graphitic sheets can be seen, and they have a
length of ~5 nm each. (e) Raman spectrum of CVD-grown carbon layer
on Si/SiO, substrate. (f) Electrical properties of a graphitic stripe de-
vice (/ = 913 nm, w = 2 pum, t = 10 nm) measured by two- and four-
probe methods.

This effect is illustrated in Figure 3d by a sequence of
|-V curves recorded after Vpeax for the same device,
shown in Figure 3a. During the first cyclic voltage
sweeping (0 V — 15V — 0 V), the device is initially in
high-conductance state and then transfers to low-
conductance state at Vi,ich, and then the conductance
is restored at near the same voltage on the back sweep.
The subsequent 0V — 15V — 0 V scans result in nearly
the same /—V curves. However, after a single voltage
sweep from 0 to 15 V (Figure 3d, second panel), the I-V
behavior of the device changes. During the third bias
sweeping under the same conditions, the device starts
in a low-conductance state, as it ended in the previous
scan, while the high-conduction state is restored at
some voltage between 0 and Viixch. The following 0 V
— 15 V single scans would result in the same /—V be-
havior with low conductivity at low voltages, until a cy-

ACINAN() voL. 3 « NO.9 = SINITSKII AND TOUR

clic voltage sweep (0 V— 15V —0V) is performed (Fig-
ure 3d, last panel).

The above results show that two distinct states with
low and high conductance at low voltages can be
achieved through bias sweep routines. It is noteworthy
that, instead of sweeping, voltage pulses can be used to
achieve the switching between the ON and OFF states at
low bias. The potential working ranges of reading, writing,
and erasing are indicated in Figure 3e. The inset in Fig-
ure 3e shows that 1 ps (tested limit) 8 V pulses result in a
high current of ~20 A at 1V, whereas 1 s 15V pulses
set the device to a low-conductance state with a current
of ~10 pA at 1 V. The inset in Figure 3e shows that the
data can be read successively 1000 times, using 1 s 1V
pulses, and these operations do not affect the state of the
device. The result shows that no observable degradation
occurred after the continuous operation, revealing that
the carbon stripe memory is indeed nonvolatile with a
nondestructive read and ON/OFF ratio of ~10°. Further-
more, Figure 3f shows that the same device has been sub-
jected to 1000 “write—10 read—erase—10 read” cycles
with no observable change in its performance, attesting
to its cyclic endurance. Similar electrical properties were
found for more than 200 tested devices (>95% yield) with
different source—drain lengths and widths of carbon
stripes. We have observed <5% variability in Vireax be-
tween devices with the same dimensions. The variability
in Vsuwiteh Was higher, from 10 to 20% for different devices
with the same dimensions, which could be attributed to
variations in crack formation, especially when viewed at
the nanoscale. The ON/OFF ratios recorded for these de-
vices were from 10* to 107.

Carbon-coated nanocable devices, reported in our
previous work to exhibit similar memory behaviors,"
had difficult-to-predict electrical properties because
nanocables, even when grown under the same condi-
tions, had different diameters, non-uniform carbon
coating on the curved surfaces, and different contact
quality. In contrast, the functional characteristics of gra-
phitic stripe devices, such as Vieak Vswitch, and corre-
sponding currents, can be controlled, within the speci-
fications mentioned above, by defining specific
geometrical parameters for the devices. Figure 3g
shows several Vieak I—V curves recorded for devices
having different source—drain lengths and carbon
stripe widths. For any set of devices with the same w
but different /, Vieak increases with /, whereas the cur-
rent at Vyreak remains the same, suggesting that / has no
effect on the Vyeak current, within the size range mea-
sured. In contrast, the width of the stripes has no effect
on Vpreals but affects the maximum current; three cur-
rent levels w = 0.5, 1, and 2 pm are clearly distin-
guished in Figure 3g. Though /—V curves for Vieak 0N
only 11 devices are compared in Figure 3g, the above
observations are characteristic for all tested devices.

These results are explainable assuming that the
Vireak Of graphitic stripes occurs at a certain
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temperature, Tpreak- Then, in order to heat the stripe to
Threaks Vbreak Should be high enough to generate suffi-
cient Joule heat Q, which in the first approximation can
be expressed using the basic equation for the specific
heat, asin eq 1:
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where C and p are the specific heat and density of CVD-
grown carbon, respectively. On the other hand, in eq 2
(Joule's law)
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Figure 3. Memory properties of graphitic stripe devices. (a) Electrical break and switching /—V curve recorded for a device
with / = 1.8 pm, w = 2 pm, and t = 10 nm. (b,c) Tilted-view SEM images of two different devices before and after Vyeax, re-

spectively. The arrow shows the crack across the stripe formed

due to Vyeak- (d) Sequence of I—V curves recorded after Vieax

for the same device, shown in (a); see text for details. (e) Logarithmic /—V characteristics of the same device; the high- and
low-conductance states of the device can be achieved through voltage pulses in the “Write” and “Erase” regions, respectively.
After writing or erasing, the state of the system is recorded in the “Read” voltage region. The inset shows memory perfor-
mance of the same device; pulses of +8 V for 1 s turn the device to the ON state, and +15 V pulses for 1 ps change the de-

vice to the OFF state. After each write/erase operation, the dev

ice current was consecutively read at +1 V 1000 times. (f) Cy-

clic endurance of the same device: pulses of +8 and +15 V for 1 us were used for writing and erasing, respectively. After

each write/erase operation, the device current was consecutivi

ely read at +1 V 10 times. After 1000 cycles of write—read

(10x) — erase—read (10X) operations, the memory showed no degradation of its ON—OFF current readings. (g) /—V curves
for Vireak for devices with different dimensions. (h) Dependences of Vyyeak and Viyircn 0N the source—drain length (/) for the

set of devices with w = 1 wum and t = 10 nm. The dashed oval
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shows a region where Vyeak and Viyirch are comparable.
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the Joule heat is related to the time (1) and resistivity
(y) of CVD-grown carbon, respectively. Combining eqs
1 and 2, we obtain eq 3:

C.p.Y.Tbr ak
Vbreak o< ’\/ %’l = Al

where A is independent of geometric parameters of
the devices. Thus, Vieak linearly depends on the / and
is independent of w and t, which is in agreement with
our observations. Similarly, the current at Viyeax is inde-
pendent of / and linearly depends on w and t, which
also agrees with the experimental results.

The dependences of Vieak and Viyireh ON | for the set
of devices with w = 1 um, t = 10 nm, and different val-
ues of [ are shown in Figure 3h. Apparently, Vieak lin-
early depends on /, as shown above, whereas Viyich also
decreases with /. Interestingly, when we were studying
similar switching phenomena in graphitic nanocables,"’
we could not distinguish the Vi as an individual
stage because the Vy,eax and the subsequent Vi, were
nearly the same. Figure 3h also suggests that, as / de-

3)

a 1 E-beam lithography
2. Cr deposition
3.RIE

4. Carbon deposition
5. Cretching

6. E-beam lithography
7. Pt deposition

creases below ~ 600 nm, Vieak and Viyicch become com-
parable in magnitude. Though the exact relationship
between Vy,ich and [ is difficult to derive, the linear de-
pendence of Vyea on I could serve as an upper approxi-
mation since Viyitch = Vpreak- FOr the shortest devices
fabricated in this work (I = 250 nm), Vireak and Viuitch
could be as low as 3—4 V. We expect that for smaller de-
vices these voltages should be even lower, an impor-
tant consideration for large-array memory applications.

Essential for dense memory arrays and program-
mable vias is the need for similar switching in vertical
graphitic devices. The schematic of the fabrication pro-
cedure for these devices is shown in Figure 4a (see Ex-
perimental Section for details); SEM images in Figure
4a demonstrate the appearance of a typical hole after
the fabrication steps.

The vertical devices were tested under vacuum us-
ing a W probe to touch the highly doped silicon sub-
strate and another micrometer-manipulated W probe
to touch the platinum top electrodes. Typical results are
shown in Figure 4b,c, revealing the resistive switching
behavior and memory effects similar to those observed
for the planar graphitic devices. Though it is difficult to
directly study the physical properties of carbon buried
under the Pt top contact, the similarities be-
tween the planar and vertical devices sug-
gest that the resistive switching in the lat-
ter is also associated with cracking of the
carbon deposit inside the hole. Interest-
ingly, the results of SEM analyses of the cut
devices (exposed by chip cleavage) suggest
that some holes may have relatively large
voids due to conformal growth and closure
of the top before complete carbon-filling
occurs. In these cases, the crack would form
in the thinnest part, as shown schemati-
cally in the inset in Figure 4b.

Similar transitions from states with dif-
ferent conductance have recently been
reported for other carbon-based
devices.""'°7 '8 |nterestingly, in all of

those studies, the resistive switching was

C o Frwm
rase . .
105 PR, o l .. | proposed to be filamentary in nature. In
i N | | | _! our case, the filaments could form at
51" - . .
_10 ‘ some voltage close to Vi, bridging
5-10.1 the crack produced at Vyear, and then
- ‘ rupture at V > Viyich. However, the ex-
104 ‘ ‘ ‘ | act origin of the filament remains unclear.
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Figure 4. Fabrication and electrical properties of the vertical graphitic devices. (a) Pro-
cess flow for obtaining carbon films within oxide holes that ultimately have a Si bottom
contact and a Pt top contact (see text for details) is shown at the top, while the corre-
sponding SEM images at each step are shown below. (b) /I—V behavior while the inset
shows the presumed crack within the filled or partially carbon-filled (as shown) hole that
is generated upon voltage sweeping. (c) Cyclic memory operations of the vertical de-
vice writing at 7 V and erasing at 15 V for 1 s each.
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chains that bridge junctions.'® Another
recent work on resistive switching in de-
vices based on carbon nanotubes and
diamond-like carbon suggests that the
filaments are made of conductive sp? car-
bon inclusions within a nonconductive
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sp> carbon matrix.'” Similar resistive switching has
been recently reported for a carbon-based nanogap
junction composed of single-wall carbon nanotubes
with encapsulated fullerenes; the authors propose
that the migration of fullerene molecules causes the
filament formation.'® Upon the basis of our HRTEM
observations, we have proposed that individual 5
nm graphitic sheets, which constitute the CVD-
grown carbon coatings, could serve as filaments to
bridge the gap; in these cases, the switching mech-
anism could also be interpreted as nanoelectrome-
chanical in nature,'! although any further precision
in assignment is difficult to define. Recent studies
also suggest that the SiO, substrate underneath
voltage-induced heated material can be severely

EXPERIMENTAL SECTION

Fabrication of Planar Graphitic Devices. Figure 1 shows the sche-
matic of the fabrication process. In the first step, a thin carbon
layer was deposited onto Si/SiO, substrates using a CVD process
(Figure 1a), namely, thermal decomposition of acetylene di-
luted by hydrogen (V(C;H,):V(H,) = 1:3) at 700 °C in a tube fur-
nace. The synthesis conditions were adjusted to achieve an aver-
age carbon layer growth rate of 1 nm/min. Si/SiO, substrates
covered by carbon films with thicknesses ranging from 5 to 10
nm were fabricated, as determined by AFM. In the second step,
arrays of 50 nm thick chromium stripes were fabricated by stan-
dard photo- or e-beam lithography (Figure 1b). Then, the sub-
strates were subjected to UV—ozone to remove carbon every-
where except underneath the Cr stripes (Figure 1c). Finally, Cr
was removed by CR-7 chromium etchant solution (Cyantek), and
the formed graphitic stripes were contacted by Pt pads made
by a second lithography step (Figure 1d).

Fabrication of Vertical Graphitic Devices. The schematic of the fabri-
cation procedure is shown in Figure 4a. First, individual 50 nm
thick Cr pads, each containing a sub-100 nm hole, were made by
the standard e-beam lithography on top of a heavily doped
p-type silicon wafer with a 200 nm thick thermal SiO, layer. Then,
silicon oxide was etched through the above holes all the way
down to p**-Si by reactive ion etching (RIE, CF,). The obtained
holes were carbon-filled as described above. After the holes were
inspected by SEM and found to appear filled, the excess carbon
around the holes was removed by ultrasonication-assisted etch-
ing of the Cr pads with a CR-7 chromium etchant solution. In the
final step, the Pt top contact was fabricated atop each hole by
the second step e-beam lithography.

Device Characterization. SEM imaging was performed on a
JEOL-6500 field-emission microscope. AFM images were ob-
tained with a Digital Instruments Nanoscope llla, operating in
tapping mode, using Si tips n-doped with 1—10 - cm phos-
phorus (Veeco, MPP-11100-140) at a scan rate of 0.5 Hz and
a resolution of 512 X 512. Raman spectroscopy was per-
formed on a Renishaw Raman microscope using a 633 nm
HeNe laser. TEM imaging was performed on a JEOL-2100F
microscope. The electrical properties of devices were tested
using a probe station (Desert Cryogenics TT-probe 6 system)
under vacuum with chamber base pressure below 1 X 107°
mm Hg. The /—V data were collected by an Agilent 4155C
semiconductor parameter analyzer, while some of the pulse
measurements were performed with a National Instruments
USB-6259 multifunction data acquisition module.
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