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anomaterials such as carbon nano-

tubes (CNTs), nanowires (NWs), nano-

crystals, and supramolecular struc-
tures have been proposed as the basic
building blocks for a new generation of ele-
ctronic and mechanical systems, including
memory and logic components,' > light-
emitting devices and photodetectors,*®
electromechanical actuators,” biosensors,®
and drug delivery systems.” With their small
size and high surface-to-volume ratio, nano-
structure devices can be faster, cheaper,
more efficient, and more sensitive than con-
ventional and bulky devices. Among nano-
materials reported to date, one-dimensional
CNTs and NWs have sparked widespread
scientific and engineering interest owing to
their outstanding electrical properties. On
the basis of these properties, their applica-
tion in integrated circuits (as transistors or
interconnects) has been proposed.’® '3
However, a severe power problem can be
anticipated with the use of one-dimensional
materials, i.e., CNTs or NWs, because high-
field transport is significantly affected by the
surrounding environment due to reduced
dimensionality for thermal conduction and
phonon relaxation. Moreover, the extremely
scaled size of one-dimensional materials im-
poses a constraint on their applications ow-
ing to vulnerability to electrostatic dischar-
ge stresses.'*'> Accordingly, understanding
of their thermal properties is crucial to un-
derstanding their overall behavior.

A one-dimensional conductor with a
length (L) of tens of micrometers (i.e.,, when
Lis much larger than the phonon mean free
path) can be regarded as a diffusive con-
ductor because local thermal equilibrium
can be achieved in the conductor due to
energy relaxation via a scattering process of
electrons with phonons.'®'” Therefore, sig-
nificantly harsh thermal stress stemming
from Joule heating can be generated along
the direction of the current flow. Regarding
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A thermo-morphic transition of a silicon nanowire (Si-NW) is investigated in vacuum and air

ambients, and notable differences are found under each ambient. In the vacuum ambient,

permanent electrical breakdown occurs as a result of the Joule self-heating arising from the

applied voltage across both ends of the Si-NW. The resulting current abruptly declines from a

maximum value at the breakdown voltage (Vgp) to zero. In addition, the thermal conductivity

of the Si-NW is extracted from the Vgp values under the vacuum ambient and shows good

agreement with previously reported results. While the breakdown of the Si-NW does not

exhibit negative differential resistance under the vacuum ambient, it interestingly shows

negative differential resistance with multiple resistances in the current—voltage character-

istics under the air ambient, similar to the behavior of carbon nanotubes. This behavior is

triggered by current-induced oxidation, which leads to the thermo-morphic transition

observed by TEM analyses. Additionally, the current-induced oxidation is favorably applied

to reduce the size of a Si-NW at a localized and designated point.
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suspended diffusive CNTs, it has been
well documented that thermo-morphism
(ie., thermally induced transition of the
morphology) near the center region (~L/2)
occurs with current-induced oxidation and
localized melting being observed during
electrical breakdown.'”~2*  Furthermore,
for metallic or semiconductor NWs, since
their phonon mean free path is typically not
longer than tens of nanometers, NWs can
also be safely regarded as a diffusive con-
ductor. Recent experimental and theoretical
studies on silicon nanowires (Si-NWs),
in particular, indicate that as the width
of Si-NWs decreases below approximately
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150 nm, the thermal conductivity is reduced due to
phonon surface scattering.?*"2® Thus, the thermo-
morphism from significant Joule heating raises further
concerns and is expected to be of practical importance
for applications of Si-NWs in electronics and integrated
circuits. Nevertheless, little is known about thermo-
morphism from the Joule heating in Si-NWs, especially
regarding the electrical breakdown and the current-
induced oxidation behaviors.

Here, we empirically investigate thermal properties,
thermo-morphic transitions, and localized current-
induced oxidation of suspended Si-NWs under both
vacuum and air ambients. From the measured break-
down voltage (Vgp) values of the Si-NWs under the
vacuum ambient, the thermal conductivity of the Si-
NWs is extracted and compared with previously re-
ported values for the first time. The breakdown beha-
viors of the Si-NWs are significantly different for each
ambient until reaching a point of electrical failure. Most
importantly, it is found that the current-induced oxida-
tion under an air ambient is observed at a localized
area (~L/2), which corresponds to a hot spot caused by
Joule self-heating. As a result, current—voltage (I-V)
characteristics in the air ambient show a domain of
negative differential resistance. Moreover, the electri-
cal breakdown occurs with multiple conductance
slopes, similar to the behavior of CNTs.

RESULTS AND DISCUSSION

A well-developed top-down approach based on
photolithography and etching processes with subse-
quent size reduction by partial photoresist ashing was
used to fabricate Si-NWs on an 8 in. wafer. One of the
important advantages of the top-down approach is the
ability to precisely and uniformly control size, location,
and shape. Additionally, it ensures pattern fidelity even
with high throughput. Accordingly, it is possible to
systematically investigate the behaviors of the Si-NWs
under various conditions. The fabrication process can
be briefly summarized as follows: a silicon-on-insulator
(SOI) wafer with a silicon film thickness of 40 nm on a
buried oxide (BOX) layer of 1T um was used as a starting
material. This was heavily doped by phosphorus with a
doping concentration of approximately 3 x 10" /ecm?,
and the Si-NWs were delineated by the aforemen-
tioned top-down approach. The patterned Si-NWs
have widths ranging from 25 to 145 nm. Overetching
of the BOX by use of diluted hydrofluoric acid carved
the BOX until the Si-NWs were separated from it. A
scanning electron microscopy (SEM) image of a typical
suspended Si-NW is shown in the inset of Figure 1A.
Measured resistances of the Si-NWs with various
widths are also plotted in Figure TA. The measurement
was performed at a low-bias region (i.e.,, ranging from
—0.5 to 0.5 V), thus mitigating effects of the current
saturation arising from Joule self-heating on the
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resistance value. In this regime, the Si-NWs typically
exhibit a linear /—V relationship (Ohmic behavior). The
thermal isolation of the suspended Si-NWs ensures
that the self-heating stemming from Joule heating
(referred to hereafter as simply Joule self-heating) is
preferentially intensified inside the Si-NWs.

Electrical breakdown is first investigated under a
vacuum ambient (approximately 102 Torr) at room
temperature. Figure 1B shows the distribution of the
Vgp values of the Si-NWs with various widths and a
fixed nanowire length (L = 1.3 um). /-V characteristics
were measured with the aid of a parameter analyzer
(HP 4155). Increment of voltage leads to increasing
input power, which causes the Si-NWs to heat up
rapidly because of the concentrated Joule self-heating,
hence giving rise to physical and electrical breakdown.
In the vacuum ambient, a linear relationship is ob-
served at low bias and a nonlinear trend is seen at high
bias (>1.0 V). Note that, regardless of the integration
time (here, the integration time is split into 80 us and
332 ms®’), electrical breakdown occurred with a cur-
rent drop characterized by a single slope, i.e., a single
valued conductance as shown in the inset of Figure 1B.
These behaviors are typical of the breakdown in semi-
conductor NWs. Moreover, it is found that there is no
hysteresis in the /I—V behaviors, which are highly
reproducible for each iterative voltage sweep from
low to high and high to low, excluding when the Si-
NWs reach permanent breakdown near 1.5 V. It is
noteworthy that nonlinear /—V characteristics are not
observed when the Si-NW is not suspended from the
substrate, because the heat generated from the strong
electron scattering involved with optical phonons can
be easily dissipated through the substrate (Supporting
Information Figure S$1).'%*2% Accordingly, the non-
linearity at high bias can be primarily attributed to
the self-heating effect. The self-heating effect generally
becomes more significant as the width of the Si-NW
narrows due to the aforementioned reduced thermal
conductivity (k).2*"2® As a result, the Vgp is rapidly
reduced with a decrease of the width, as shown in
Figure 1B, because the generated heat cannot escape
readily and outwardly from the narrow Si-NW in the
case of a suspended Si-NW under a vacuum ambient.

A generalized heat conduction equation along the
direction of the current flow in a one-dimensional (1-D)
suspended NW, which includes the heat generation
from Joule self-heating, is given by'®"”

AVIKVTM)]+p = 0 M

where A is the cross-sectional area of the conductor,
T(x) is the temperature profile along the current-flow
direction, and p is the Joule heating rate per unit
length. Generally, p is expressed as p = (IV — PRJ/L,
where R. is the total contact resistance; however, it is
typically much smaller than the resistance of a 1-D
nanowire. Therefore, R. can be neglected, i.e., p ~ IV/L.
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Figure 1. (A) Resistance of the suspended Si-NWs with widths ranging from 25 to 145 nm and a length of 1.3 um. (Inset) SEM
image of a suspended Si-NW with a width of 25 nm and a length of 1.3 um. Scale bar is 500 nm. (B) Electrical Vpp values of
different suspended Si-NWs in a vacuum ambient. (Inset) Current—voltage (/—V) characteristic of a suspended Si-NW with a
width of 25 nm and a length of 1.3 um at room temperature measured in a vacuum ambient. Regardless of integration time,
the |-V characteristics result in the same behavior. (C) Extracted thermal conductivities of Si-NWs having different widths. The
thermal conductivity values from experiments are taken from ref 25. (D) Predicted distribution of the temperature in the

suspended Si-NW according to the bias conditions.

Here, the temperature is determined by the Joule
power dissipated along the Si-NW and by its thermal
conductivity, as delineated in eq 1. This provides
physical insight into the electro-thermal behavior of
the Si-NW at high bias and explains how the thermal
conductivity is directly linked to the measured elec-
trical characteristics at high bias. It was reported that
the thermal conductivity based on experiments could
be modeled as follows:'®"7?° = 1/(aT + ST°), where
the linear term (aT) represents the Umklapp scattering
and the quadratic term (3T?) expresses second-order
three-phonon processes. Here o and /3 are constants.
From this empirical equation, an analytical tempera-
ture profile satisfying eq 1 is attained as a closed
form.? The breakdown temperature (Tmay) is thus ob-
tained at the middle of the 1-D nanowire by consider-
ing the Umklapp scattering (i.e., x = 1/a7):

ol VL
Tmax = To exp( 8‘ > )

where Ty is the temperature at the contact electrodes
and . is the critical breakdown current. Using a melting
point of 1687 K for bulk silicon, the thermal conductiv-
ity of the Si-NW and its temperature profile are simply
extracted from the electrical measurement for the first
time. Figure 1C shows the estimated thermal conduc-
tivity for various widths of the Si-NW at room tempera-
ture. The results are also compared with those from
the experiments as well as numerical simulations
reported by other groups,®* 2 and good agreement
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is observed. In addition, the predicted temperature
profile of a Si-NW with a width of 25 nm at different bias
conditions is shown in Figure 1D, revealing that the
temperature in the Si-NW ranges from approximately
900 to 1000 K at around 1.1 V, where the nonlinearity
first appears. When the bias is further increased, the
Si-NW is electrically broken at 1.5 V, at which point the
temperature corresponds to 1687 K.

Similar experiments were performed under an air
ambient. Several notable differences were observed
under the air ambient compared to under the vacuum
ambient (Figure 2A). A negative differential resistance
(NDR) region was clearly observed after the region
exhibiting a nonlinearity around 1.0 V. Furthermore,
the NDR characteristic becomes more prominent as
the integration time is increased. Moreover, a further
increase of the voltage leads to electrical breakdown
with multiple resistances in the /—V characteristics for
prolonged integration time, which is somewhat similar
to the pattern of breakdown in multiwalled CNTs.'8~2°
On the contrary, such behaviors were not observed
with shortened integration time (to be discussed in
detail later). From the SEM images taken from two
Si-NW samples (a pristine Si-NW and a Si-NW at 1.6 V
with long integration time), we clearly observed a
physical transition by thermo-morphism in a sus-
pended Si-NW for the first time. It is inferred that this
structural modification in the air ambient is caused by
the localized current-induced oxidation, which is trig-
gered by the significant Joule self-heating. Moreover, a
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Figure 2. (A) Current—voltage characteristics of suspended Si-NWs with a width of 25 nm and a length of 1.3 um in an air
ambient. The filled and empty symbols represent the measured data with integration time of 80 us and 332 ms, respectively.
The SEM images correspond to the Si-NWs at different bias conditions for long integration time. (B) Cross-sectional TEM
images of the Si-NW around the center region for different bias conditions. (C) Magnified bright-field TEM image of the Si-NW
around the center region after electrical breakdown. Moreover, EDS mapping data ensure the outer shell-oxide (O: green) and
the inner core-Si (Si: red). N (yellow) comes from the passivation layer of SiN, for the TEM sample preparation. (D) Cross-
sectional TEM image showing an overlapped profile of the circular and the rectangular structures. The circular shape
corresponds to the central region of the Si-NW, and the rectangular shape corresponds to the Si-NW near the electrode.

notable structural change from a rectangular to circular
cross-sectional profile by the thermo-morphism is
found near the central part (~L/2) of the Si-NW in the
case of long integration time (Figure 2B), possibly due
to a sequential process of current-induced oxidation,
melting, and resolidification. As discussed previously,
the temperature around the center of the Si-NW is high
enough (i.e., 900—1000 K at around 1.1 V) to enable
local oxidation by an oxidant (oxygen) from air. There-
fore, we interpret the NDR behavior shown in the |-V
characteristics to be a signature of the reduced width
of the Si-NW by the consumption of the silicon during
the current-induced oxidation. As a result, a unique
structure comprised of a shell-oxide and a core-silicon
is created after applying electrical bias under an air
ambient.

As it is very important to verify the existence of the
local oxide, cross-sectional energy dispersive X-ray
spectroscopy (EDS) element mapping was carried out
in an effort to trace the thermo-morphic transition of
the Si-NW during a TEM analysis. The results confirm
that the local oxide encapsulates a core of the Si-NW, as
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shown in Figure 2C. Moreover, a further TEM analysis
was carried out to present clear evidence of the localiz-
ed thermo-morphic transition in the Si-NW through
delicate preparation of the Si-NW sample, which was
cut between the rectangular and circular regions by
a focused ion beam (FIB). Both the rectangular (un-
damaged by Joule self-heating) and the circular
(damaged by Joule self-heating) images are distinctly
overlapped because of transmitted electrons through
the extremely thin TEM sample, as shown in Figure 2D.
It is therefore confirmed that the thermo-morphic
transition is seen only near the Si-NW center, enabling
us to visibly observe that the Si-NW is a diffusive
conductor.

A suspended single-wall CNT also exhibited clear
NDR behavior,'®?*?® but its characteristics are com-
prehensively different from those of the Si-NW. In the
single-wall CNT, there was no hysteresis in the |-V
characteristics according to iterative biasing after the
NDR action was triggered. However, distinctive hyster-
esis by each iterative biasing was observed in the Si-
NW after the NDR operation was enabled, as shown in
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Figure 3. (A) |-V characteristics of the suspended Si-NW during iterative current-induced oxidation. The dotted arrows
indicate the successive measured /—V data immediately after each current-induced oxidation. Note that the NDR region
disappears. (Inset) SEM image of the Si-NW (9 nm width) after the third current-induced oxidation and etching processes. (B)
Block diagram of the width engineering method to establish uniformly distributed resistance of the Si-NWs by current-
induced oxidation, which enables width engineering. (C) Resistance of the Si-NWs before and after width engineering.

Figure 3A. Voltage sweep was intentionally halted in
the NDR region, and thereafter the /—V characteristics
were measured again. It should be noted that the NDR
behavior disappears after the intentional cessation of
the applied voltage in the NDR region after each sweep
(indicated by the dotted arrow in Figure 3A). This can
be ascribed to saturation of the oxidation rate by the
stress-limited oxidation®® and lowered oxygen diffu-
sivity inside the shell-oxide. After the first voltage
sweep, the current-induced oxide is etched away by
diluted hydrofluoric acid. In the consecutive second
voltage sweep, the current-induced oxidation occurred
again. Note that the bias at which the NDR region appears
is lowered at the consecutive voltage sweep, resulting
from the reduced width of the Si-NW. With further
iterative oxidation by Joule self-heating, the size of the
25 nm Si-NW is reduced to a diameter of 9 nm (inset of
Figure 3A). Similar characteristics of current-induced
oxidation were also observed in the multiwalled CNTs,
wherein each shell was removed by the current-induced
oxidation. To the best of our knowledge, this is the first
demonstration of the localized current-induced oxidation
in a Si-NW. Our observations support that current-in-
duced oxidation governed by Joule self-heating can be a
powerful tool to reduce the size of NWs and to grow an
oxide layer at an extremely localized and designated area.
Additionally, the large fluctuation of resistance in the Si-
NWs is reduced by application of selective bias to
individually addressable Si-NWs (Figure 3B). Uniformly
distributed resistance is consequently achieved by em-
ployment of selective current-induced oxidation con-
trolled electrically rather than chemically.
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To systematically induce Joule self-heating to the
Si-NW by dc stress, current is measured as a function of
time at a fixed bias (Figure 4A). Voltage sweep is started
from 0V at every 0.05 V and intentionally halted for 5 s
from 0 to 1.0 V and 10 s from 1.05 to 1.9 V in order to
read the time-dependent current at fixed bias. In a
range of 0to 1.1V (i.e., the cumulated time is 120 s), the
time dependence of the current at each step is negli-
gible, indicating that the conductance of the Si-NW is
sustained reliably. Above 1.1 V, however, the current
decay rate (d//dt) starts to increase, similar to observa-
tions reported from CNTs.?° The onset of the current
decay at 1.1V can be taken as an indication of the start
of oxidation in the Si-NW. With further increase of the
dc bias, dl/dt is decreased again, indicating that
the current-induced oxidation is saturated (inset of
Figure 4A). Beyond the critical point (1.3 V, i.e. the
cumulative time is 151 s), therefore, further increment
of dc bias results in a decrease of the current decay rate
and a gradual increase of the current.

Another striking feature in Figure 4A is that the
electrical breakdown shows multiple resistance steps
until the Si-NW reaches permanent electrical failure,
which appears from 1.5 V. This behavior is analogous to
that of multiwalled CNTs under an air ambient in that
the shell-by-shell electrical breakdown is completed
via multiple resistance steps,'® 2 although each re-
sistance step in the case of the Si-NW is not as
distinctive as that at the multiwalled CNTs. Further-
more, it is found that the Si-NW is electrically discon-
tinuous with a single declining slope of the current
under the vacuum ambient (Supporting Information
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Figure 4. (A) Current as a function of time at certain
temporarily fixed bias voltages. (Inset) Plot of the current
decay rate (d//dt) versus time at fixed voltages (V). The bell-
shaped curve indicates that the current-induced oxidation
is almost saturated. (B) Conductance versus dc stress vol-
tage characteristics of the suspended Si-NW. The conduc-
tance is extracted from the current—voltage characteristics
at low bias shown in the inset figure after each dc stress. (C)
Statistical distribution of the number of intermediate states
in Si-NWs with different widths. The number of intermediate
states is extracted from the plot of the conductance versus
the dc stress voltage characteristics.

Figure S2), whereas it is electrically broken with multi-
ple declining slopes of the current under the air
ambient. This reveals that the current-induced oxida-
tion plays a dominant role in leading the electrical
breakdown with multiple resistances. Moreover, the
observation that electrical breakdown with a single
slope was not found at short integration time
(Figure 2A) even under the air ambient can be under-
stood in that the dc biased time was not sufficient to
trigger current-induced oxidation by Joule self-heating.
Although a comprehensive understanding of this
new observation requires further investigation, it is
interesting to note that the Si-NWs behave like CNTs
during the electrical breakdown. It is speculated that
this behavior originates from the unique structure of
the shell-oxide and core-silicon near half of the length
of the Si-NW. Since silicon oxide (SiO,) generally begins
to melt at approximately 2000 K, which is higher than
the melting point of the bulk silicon, the shell-oxide can
prevent the Si-NW from being melted down, hence
preventing its fracture. Furthermore, reflow and solidi-
fication of the melted core-silicon inside the shell-
oxide might give rise to variation of the crystallinity
of the Si-NW from single-crystalline to polycrystalline
and/or an amorphous structure, possibly resulting in a
decrease of the conductance during electrical break-
down. This can be supported in part by the absence of
a well-ordered silicon lattice in the relevant TEM image,
shown in Figure 2C.

Our observations indicate that the present Si-NW
showing multiple resistance states can be used for

CHOI ET AL.

memory applications. After high dc bias is applied to
the Si-NW for program operation, the resistance (or
conductance) is accordingly changed as shown in
Figure 4B. Thereafter, a linear relationship is sustained
with various resistance states as long as low dc bias
(e.g., —0.5t0 0.5 V) is applied for read operation. These
different resistance states are distinctive from each
other, as shown in the inset of Figure 4B, and therefore
can also be applicable to neuro-morphic devices. It
should be noted that the controlled conductance after
the supply of high dc bias shows remarkably sustain-
able conductance states even after 10° s (Supporting
Information Figure S3). This data sustainability can
represent a step toward the application of a multibit
per cell in nonvolatile memory or a write-once read-
many-times (WORM) memory.3" The number of dis-
tinctive data states increases as the width of the Si-NW
is reduced, as shown in Figure 4C, because a thicker
Si-NW cannot be distinctly oxidized, possibly resulting
in a sudden fracture of the Si-NW by Joule self-heating.
Therefore, this feature can be exploited to accommo-
date more data states at further scaled Si-NWs.

CONCLUSIONS

In summary, a thermo-morphic transition induced
by Joule self-heating was experimentally observed in a
Si-NW for the first time. Thermal properties driven by
the Joule heat were investigated under vacuum and air
ambients. By analyzing the electrical breakdown in Si-
NWs under a vacuum ambient, we extracted the
thermal conductivity and the temperature profile of
Si-NWs, enabling estimation of the thermal properties
of a Si-NW. Importantly, we found that the significant
Joule self-heating resulted in localized current-induced
oxidation under an air ambient. Evidence showing the
outer shell-oxide and inner core-Si created by the
localized current-induced oxidation was provided from
EDS element mapping data. The current-induced oxi-
dation led to negative differential resistance in the /—V
characteristics. Furthermore, the current-induced oxi-
dation was also utilized to reduce the size of the Si-NW
and to grow an oxide at a localized and designated
area. Due to the locally grown oxide created from Joule
self-heating, the electrical breakdown of a Si-NW in an
air ambient showed similar trends to CNTs in terms of
breakdown behavior with multiple resistance steps.
This unique characteristic can be applied to a multibit
per cell of nonvolatile memory or a write-once read-many-
times memory.
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