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ABSTRACT: The anomalous piezoresistance (a-PZR) effects,
including giant PZR (GPZR) with large magnitude and inverse
PZR of opposite, have exciting technological potentials for
their integration into novel nanoelectromechanical systems.
However, the nature of a-PZR effect and the associated
kinetics have not been clearly determined yet. Even further,
there are intense research debates whether the a-PZR effect
actually exists or not; although numerous investigations have
been conducted, the origin of the effect has not been clearly
understood. This paper shows the existence of a-PZR and
provides direct experimental evidence through the performance of well-established electrical measurements and terahertz
spectroscopy on silicon nanomembranes (Si NMs). The clear inverse PZR behavior was observed in the Si NMs when the
thickness was less than 40 nm and the magnitude of the PZR response linearly increased with the decreasing thickness.
Observations combined with electrical and optical measurements strongly corroborate that the a-PZR effect originates from the
carrier concentration changes via charge carrier trapping into strain-induced defect states.
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F or the previous ten years, there have been intensive studies
on silicon (Si), one of the most studied and commercially
significant materials, to achieve a breakthrough to integrate Si
into flexible electronics by reducing its dimensions in the
shape/size/form of nanostructure such as nanomembranes
(NMs). Because the thinner Si NMs provide better electrical
stability under bending, Si NMs with a thickness of less than
100 nm have been largely used in flexible electronics."* Because
of the unavoidability of mechanical deformation in flexible
electronics, it is critical to understand and predict the
electromechanical properties of Si NMs. However, when it
comes to the nanostructure of Si, a critical controversy on the
electromechanical properties is inevitable; the debate of
whether the piezoresistance (PZR) behavior, the electrical
resistance change under mechanical deformation, in Si
nanostructure is different from that of bulk or not is at the
heart of the debate. He et al. has reported about the giant PZR
(GPZR) in silicon nanowire with orders of magnitude larger
than that of bulk Si.> However, Rowe et al. and Milne et al. have
found that the GPZR effect arises from the nonstress related
drift of conductance induced by dielectric relaxation of the Si
surface, not from the mechanical deformation.”® Moreover, the
authors have insisted that the PZR behavior in nanostructures
of Si is not different from that of bulk Si by distinguishing real/
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actual PZR, the PZR effect attributed to the mechanical
deformation, from the pseudo PZR, the PZR effect from the
dielectric relaxation of the Si surface. Recently, Yang et al. have
reported about the inverse PZR in which the researchers show
an opposite PZR response with increasing magnitude in a
thinner or smaller nanostructure compared to that of bulk Si.%”
However, these researchers are also not free from the same
argument that has been raised for the GPZR, whether it
originates from the mechanical deformation or nonstress
related drift of conductance.®

This paper provides clear experimental evidence uncovering
the mechanism for the inverse PZR. The optically induced
conductivity is directly determined under strain via ultrafast
terahertz (THz) spectroscopy, which also enables the perform-
ance of the in situ analysis of mobility and carrier
concentration/density on an equal footing. This observation
of the inverse PZR in Si NMs with a thickness of less than 40
nm corroborates that the inverse PZR is the actual PZR whose
physical origin arises from the mechanical deformation, not
from the pseudo PZR (nonstress related drift of conductance).
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Figure 1. PZR effect in Si NMs investigated by electrical resistance measurement and optical absorption measurement (a) SEM image (upper, scale
bar: 10 #m) and TEM image (bottom, scale bar: 20 nm) of the representative Si NMs with a thickness of 16 nm. (b) The schematic illustration and
optical microscope image of the fabricated device and measurement system. The devices were formed in hall-bar structure and measured by the four-
probe system. (c) The measured resistance with the stepped tensile strain of 0.3% (green region) with various thicknesses from 16 to 100 nm as a
function of time, normalized by the resistance without applying strain. (d) The piezoresistance coefficient of the Si NMs as a function of thickness
under the tensile strain of 0.3%. The error bars indicate the distribution of PZR coefficient that arises from the drift of resistance during
measurement. The inset shows measured resistance of the 30 nm thick Si NM at the constant current of 1 nA, as a function of time (black) with a
stepped tensile strain (blue). (e) The optical absorption of the Si NM with a thickness of 30 nm near the band edge, ~1.1 eV under various tensile
strain from O (black) to 0.6% (blue). The inset shows the fitted average value of E, (black circle) and standard deviation (error bar) as a function of

tensile strain.

Moreover, it was noted that the electrical response in inverse
PZR results from the strain-induced change in carrier density at
the surface of Si NMs, which definitely differs from the PZR in
bulk Si that results from the strain-induced change in
mobility.”'® The spectrally and temporally resolved THz
responses have evidenced that the strain-induced defect-state
indeed plays a prominent role in the generation of additional
carrier and that the effect is highly dependent on the surface
state of the Si NMs.!' ™"

Results and Discussion. The inverse PZR in Si NM was
studied by fabricating a Si strain sensor on a polyethylene
terephthalate (PET) substrate. Figure la shows scanning
electron microscope (SEM) and transmission electron micro-
scope (TEM) image of the representative Si NMs with a
thickness of 16 nm on TEM grid, confirming its thickness and
uniformity over 40 ym. The schematic illustration and optical
microscope image of the fabricated device are shown in Figure
1b. During the fabrication, experimental variables, such as the
doping concentration of ~10', direction of the tensile strain
along (110), surface crystal orientation of (100), and the ohmic
contact between the semiconductor and metal electrodes were
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carefully controlled. The detailed description of the fabrication
process is described in the Supporting Information Figure S1.
The PZR behavior of the Si NMs with varying thicknesses from
16 to 100 nm was investigated by measuring the resistance of
the fabricated Si strain gauges in time with the stepped tensile
strain of 0.3%, which corresponds to tensile stress of 5.1 GPa as
shown in Figure lc. The mechanical deformation, defined as a
value of strain, was well controlled by bending the strain gauge
using micromanipulator with a step motor, and the
corresponding strain values were calculated based on the
multilayer bending model with parameters shown in Sufport-
ing Information Table S1, as previously reported.'* The
measured PZR coeflicients, summarized in Figure 1d, are
defined by the following equation

R - R,

Ryo

Piezoresistane coefficient =
(1)
where R is the resistance under strain, R, is the resistance
without strain, and o is the applied stress. By decreasing the
thicknesses of Si NMs, a significant change of the PZR
coefficient was observed in both magnitude and sign. The 100
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Figure 2. Carrier dynamics in Si NMs measured by ultrafast THz spectroscopy. (a) The schematic illustration of the measurement system, the 400
nm optical-pump laser, and the THz-probe focused on the Si NM, which is formed on the stretchable PDMS substrate. (b) The time-resolved THz
peak dynamics in 100 (upper) and 30 nm (bottom) thick Si NM. The inset shows the schematic illustration of the mechanism and increase of
recombination rate due to stress induced defect state. (c) The decay time constant to the monoexponential fitting from time-resolved data of panel b.
We note that the error bars in all THz measurements indicate the standard deviation of recursive measurements at the same location on a sample.
(d) The pump- and strain-induced THz peak changes as a function of strain, normalized by the THz peak change of 0% strain.

nm thick Si shows the well-known PZR behavior in which the
sign is positive with a magnitude of ~60 X 107!/Pa. However,
the coeflicient approached 0 for the 60 nm thick Si and a clear
inverse PZR behavior with a negative sign of the coefficient was
observed for the thin Si NMs with a thickness of less than 40
nm. The magnitude of the coefficient linearly increased as the
thickness decreased. It was confirmed that the PZR behaviors in
Si NMs are the actual PZR’s by distinguishing the actual PZR
from the pseudo PZR through resistance measurements with
constant and stepped tensile strain as previous studies.® The
inset of Figure 1d shows the measured resistance of the 30 nm
thick Si NMs in time with the stepped tensile strain of 0.3%. At
the initial stage of the measurement, significant nonstress-
related drift of resistance was observed, as reported in previous
studies.>® However, in contrast to the previous reports the
observed actual PZR and pseudo PZR showed clear differences
with notable change in electrical resistance. The actual and
pseudo PZR were clearly distinguished under a constant tensile
strain with identical quantity of change in resistance with
stepped—strain variations (Supporting Information Figure S2).
It is notable that the resistance of Si NM decreases under
tensile strain, while it increases in bulk Si, that is, the inverse
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PZR measured in Si NM with a thickness of less than 40 nm is
an actual PZR originating from the mechanical deformation.
Although numerous investigations have been conducted to
investigate the PZR in Si NMs,"> ™" there are very limited
quantities of studies reporting the inverse PZR.**~** With the
reference to prior reports, where the inverse PZR mainly arises
from the carrier density variation (not from mobility of
carriers), the optical absorption of the Si NMs were simply
measured with the thickness of 30 nm under tensile strain to
clarify the carrier density change of Si NMs. To avoid the
change in incident angle of the light during measurement, we
employed the Si NMs on stretchable polydimethylsiloxane
(PDMS) substrate, instead of PET substrate. Figure le shows
the optical absorption as a function of photon energy with
different tensile strain from 0 to 0.6%. The absorption edge
(optical band gap) is clearly red shifted with increasing strain,
implying the strain-induced carrier density changes. We then
estimate E, considering the relationship of a ~ (hv - E,)* for
the indirect gap transition near the absorption edge™ and
summarized the E, in the inset of Figure le as a function of
strain. Here, it can be noted that the optical band gap is
narrower when the strain is increased. This, in fact is one of the
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Figure 3. Evaluation of carrier concentration in Si NMs. (a) The schematic diagram of the THz spectral measurement on the band structure. The
pump-induced carrier density and strain-induced carrier density are systematically illustrated by A and A’, respectively. (b) This panel displays the
measured THz signals. Here, E, is the reference THz field without pump and AE is the pump-induced THz field change at At = 0 ps (red line) and
At = 500 ps (blue line) under the applied strain of 0%. (c) The pump-induced complex conductivity changes (black dots) converted from the THz
signals of panel b at At = 0 ps and At = 500 ps. The black lines display the model-based analysis. (d) The carrier density extracted from the modeling
of panel c as a function of applied strain at At = 0 ps (black) and At = 500 ps (red).

well-established doping effects in Si, where the optical band gap
is inversely proportional to the doping concentration above
107 cm®***°

The origin of optical band gap narrowing can be understood
by reflecting on the strain-induced defect-state formation.
When charge carriers are generated, for example, via optical
absorption, the ground state is the defect state, not the
conduction-valence band edge. For thin Si NMs, the defect
state plays a more important role than what it does in the thick
Si NMs. A more defect state means that there are new carrier
recombination channels for the optically generated carriers,
thereby, one can expect that carriers are recombined more
rapidly compared to the thick sample.

To verify this idea, optical-pump THz-probe spectroscopy
has been performed. Because THz spectroscopy is very
sensitive to the free-carrier density and to the corresponding
decay dynamics, the effect of defects on the carrier
recombination can be determined. The schematic diagram of
our THz experiment is shown in Figure 2a. When an ultrashort
pump pulse with 400 nm center wavelength excites the Si NM,
the pump-induced carrier dynamics with varying pump—probe
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delay At is probed by THz probe pulse. Here, E, and AE refer
to the THz field without pump and the pump-induced THz
field change with pump, respectively. Figure 2b shows the
normalized THz peak signals as a function of At. It can be seen
that while the recombination dynamics of the 100 nm thick Si
NM show a strain-independent behavior, the 30 nm thick Si
NM exhibits a strong strain-dependent decay dynamics. For
quantitative analysis, the time-resolved signals both for the 30
and the 100 nm thick Si NM are fitted by a monoexponential
function A exp(—t/t,). Because the carrier relaxation is strongly
dependent to the defect density (see the illustrations in Figure
2b showing the defect-mediated recombination routes within
band gap), the decay time constant t; should be faster due to a
more defect state under tensile stress. Figure 2c shows the
obtained t, for the 100 and 30 nm thick Si NMs. As expected, t;
for the 100 nm thick Si NM is nearly constant with ~1300 ps
regardless of the applied strain. For the 30 nm thick Si NM,
however, ¢, gradually decreases from ~350 to 260 ps, indicating
the defect state generation with applied strain. Figure 2d shows
the normalized THz peak signals with increasing tensile strain;
the data are normalized by the THz peak signal without strain.

dx.doi.org/10.1021/n1503186u | Nano Lett. 2014, 14, 6942—6948
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Figure 4. Dependency of PZR effect on surface state of Si NMs. (a) The XPS spectra of the sample with different surface, including UV/O-treated,
BOE-treated, and as-fabricated surface. (b) The normalized resistance change of the Si NM with different surface states as a function of time. (c) The
bandgap shift of the Si NM with different surface as a function of strain. The error bars indicate the fitted standard deviation of E,. (d) The
normalized change of the THz peak signal of 30 nm thick Si with different surface states as a function of strain.

The normalized (—AE/E,) distinctively increases for the 30 nm
thick Si NM, while that of the 100 nm thick Si NM is constant.
Because the normalized THz peak signal is proportional to the
total carrier density changes, the increased THz signals
qualitatively reflects the increased carrier density. Because the
optical excitation density is the same for all strain conditions,
the increased carrier density can be properly attributed to the
rise in strain-induced carrier density. This in fact well matches
with the inverse PZR coefficient measured by the electric
measurements (see Figure 1).

Now, the emerging concern is to determine the strain-
induced increased carrier density. This can be done by
examining the spectrally resolved THz conductivity. The low-
energy nature of THz spectrum reflects the intraband
conductivity, which can be integrated to determine the
photoinduced carrier density. Figure 3a shows the schematic
illustration of THz experiment to observe the carrier density
changes in the Si NM band structure. Under tensile strain, the
carrier density change is both caused by the pump-induced
carrier density A and the strain-induced carrier density A’;
without strain, it is affected only by A. Figure 3b displays the
measured E; and AE at At = 0 and 500 ps, when the pump
fluence is 10 yJ/cm?® and the applied strain is 0%. The sign of
AE is the opposite of that of E;, implying the photoinduced
transient absorption, that is, the increased carrier density. From
the THz signals in Figure 3b, the frequency-dependent complex
conductivity changes (black open dots) are obtained (Figure
3c), using a thin-film conductivity formula of Ac = —1/Z,(AE/
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Ey)(n, + 1), where Z; is the vacuum impedance and n; is the
PDMS substrate refractive index. For quantitative analysis, the
measured conductivi? data was modeled using the following

Drude-Smith model®

where €, is the free-space permittivity, @, is the plasma
frequency, 7 is the scattering time, and ¢ is the backscattering
parameter. At At = 0 ps, ¢ = —0.75 (when ¢ equals —1, it means
a complete backscattering from the Si boundary), and 7 = 0.05
ps were obtained for all strain condition. The large back-
scattering value is understood as the carrier localization, which
originates from the thickness-limited boundary of ultrathin Si
and is enhanced under high carrier density.””*® At At = 500 ps,
¢ = 0 (which means the Drude-Smith backscattering model
returns to the free-carrier Drude model) and 7 = 0.04 ps were
obatined. The time-dependent conductivity changes (from
carrier localization to free carrier) are associated with the time-
dependent carrier recombination. As the photoinduced carrier
density is decreased by At, c approaches 0 at At = 500 ps, and
the corresponding THz conductivity becomes like that of the
Drude free-carrier response because of the decreased carrier
density compared to the response at At = 0 ps.”” From the
model parameter ®, for each sample, the carrier density with
increasing strain was extracted using the equation, n =
EoW 2m*/¢*, where m* is the effective mass of Si and e is the

2
£, T

- (1 — w7)

(1 — w7)

Ao
(2)

P
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elementary charge. The fitting results at different strain are
displayed in Figure 3d and Supporting Information Figure S3.
At At = 0 ps, the carrier density indeed rises with the increase
of the tensile strain. This indicates that the carrier density
change at each strain is governed by A’ (not A), because the
pump fluence is the same regardless of the applied strain. The
obtained A’ ~ 1.2 X 10'7 cm™ at strain 0.3% matches well with
the value estimated from the electrical measurement. The
carrier density at At = 500 ps, however, decreases as the tensile
strain increases. This inverse behavior arises from the increased
defect trapping, associated with defect-mediated recombination
routes generated by the mechanical stress as illustrated in
Figure 2b,c. Another important aspect of this THz analysis is
that the mobility information can be obtained from the
measured scattering time, that is, 4 = e-7/m™*. While He et al.
proposed that the mobility changes is the origin of the a-PZR
effect, this paper’s THz results show that the mobility is nearly
constant with a value of 500 + 50 cm?/(V-s) for all strain
conditions. Therefore, among the proposed possible origins of
the inverse PZR effect, it can be seemingly elucidated that the
carrier density change by the defect via applied tensile strain is
the key mechanism in the ultrathin Si NMs.

Additionally, the phenomenon in different surface conditions
was investigated, including as-fabricated, UV/O-treated, and
BOE-treated surface, not only to control the inverse PZR
behavior but also to clarify the location where the defect state
arises. Figure 4a shows the X-ray photoelectron spectroscopy
(XPS) spectra measured on the Si NMs with different surface
states. It was ascertained that there is a strong carbon peak
(which determined the carbon contamination) in the as-
fabricated surface, and this peak disappears after UV/O
treatment to cover surface with SiO,. Finally, samples where
both SiO, and carbon were removed have been tested by BOE
treatment to form clear bare Si surface. Figure 4b summarizes
the measured PZR effects with various surfaces. The 30 nm
thick Si NMs covered by SiO, show a positive PZR effect as
previously reported.”® However, the carbon-contaminated
surface and bare Si surface show inverse PZR with a coefhicient
of =76 x 107"'/Pa and —35 X 107"'/Pa, respectively. The
different PZR behaviors from the various surfaces may be
explained by the different energy states of the defects that arise
under the tensile strain.***® To clarify, optical absorption
measurements (which provide qualitative information on the
carrier density changes) were performed, similar to the data in
Figures 1 and 2. Figure 4c shows the bandgap shift of the Si
NMs with different surface conditions. The significant bandgap
narrowing effect is observed with the increasing tensile strain in
the as-fabricated and the BOE-treated surface. For the UV/O-
treated surface, no notable changes of the bandgap shift were
observed, implying that the additional carrier only arises from
the as-fabricated and BOE-treated surface. Because the defect
state in the UV/O-treated surface cannot provide additional
carriers, the PZR in the UV/O-treated Si NMs follows the
conventional PZR of bulk Si. By utilizing the THz spectros-
copy, the normalized —AE/E, for samples were also measured
with different surface conditions under tensile strain up to 0.7%
(Figure 4d). The relative carrier density change in UV/O-
treated surface shows negligible changes of THz signals, while
as-fabricated and the BOE-treated surface show a significant
positive correlation between the carrier density changes and the
tensile strain. The relatively larger amount of carrier
concentration changes that was observed in the as-fabricated
surface compared to that of BOE-treated surface is in accord
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with our electrical observation in Figure 4b. Consequently, the
defect states mainly originate from the Si surface, such that the
carrier-density-dominated PZR effect is controllable by simple
surface treatment, similar to the mobility dominated PZR effect
that was previously reported.>

Conclusions. In summary, this paper has investigated the
inverse PZR in Si NMs with a thickness of less than 40 nm. The
actual PZR is clearly distinguished from the pseudo PZR using
a well-established electrical measurement of resistance in time
as well as optical absorption spectroscopy. With the employ-
ment of the temporally and spectrally resolved THz spectros-
copy, it has been shown and observed that the mechanism of
the inverse PZR does not arise from the mobility changes but
from the carrier concentration changes. By observing strain-
dependent carrier decay dynamics, we concluded that the
carrier density change is due to the defect-state formation
induced by the applied strain. Furthermore, with the
application of various surface-treatment conditions it has been
clarified that the defect state mainly exists at the surface of the
Si NMs. These results provide a promising route to control the
carrier density dominated PZR effect by simple surface
treatments. The insightful understanding for the inverse PZR
is expected to offer a solid background for the integration of the
nanostructured Si into novel nanoelectromechanical systems as
well as flexible/stretchable Si electronics.
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