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The steady-state, space-charge-limited piezoresistance (PZR) of defect-engineered, silicon-on-insulator
device layers containing silicon divacancy defects changes sign as a function of applied bias. Above
a punch-through voltage (Vt) corresponding to the onset of a space-charge-limited hole current, the
longitudinal 〈110〉 PZR π coefficient is π ≈ 65 × 10−11 Pa−1, similar to the value obtained in charge-
neutral, p-type silicon. Below Vt, the mechanical stress dependence of the Shockley-Read-Hall (SRH)
recombination parameters, specifically the divacancy trap energy ET that is estimated to vary by approx-
imately 30 μV/MPa, yields π ≈ −25 × 10−11 Pa−1. The combination of space-charge-limited transport
and defect engineering that significantly reduces SRH recombination lifetimes makes this work directly
relevant to discussions of giant or anomalous PZR at small strains in nanosilicon whose characteristic
dimension is larger than a few nanometers. In this limit the reduced electrostatic dimensionality lowers Vt

and amplifies space-charge-limited currents and efficient SRH recombination occurs via surface defects.
The results reinforce the growing evidence that in steady state, electromechanically active defects can
result in anomalous, but not giant, PZR.

DOI: 10.1103/PhysRevApplied.15.014046

I. INTRODUCTION

The effect of mechanical stress in nanosilicon has
received significant attention over the last two decades.
Initially, this was triggered by the observation of
large, stress-induced mobility increases in quantum con-
fined inversion layers [1–4] that, along with subsequent
work [5,6], led to commercialized, strained-silicon CMOS
technologies. More recent developments in computing
power allowed for a large number of atomistic theoretical
studies on a variety of ultraquantum-confined nanosili-
con with a characteristic dimension below approximately
4 nm [7]. These works predict a number of intriguing
electronic structure and transport phenomena, particularly
at very large mechanical strains exceeding 2% [8–10].
Many of these predictions remain to be validated exper-
imentally, partly because the fabrication of such small,
electrically contacted nanostructures with well-controlled
surfaces is a challenge, and partly because the application
of such large, nondestructive stresses is not straightfor-
ward. With very few exceptions [11,12], experimental
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works reported to date treat nanosilicon objects such
as nanowires and nanomembranes whose characteristic
dimension lies between several tens of nanometres and a
few microns, or where mechanical strains fall in the 0.01%
range. Although their electronic structure is simply that of
bulk silicon, there are multiple claims and observations of
either giant [13–16] or anomalous [11,17,18] piezoresis-
tance (PZR) that are significantly different from the usual
effect observed in bulk material [19]. These nanostructures
are too large for the types of phenomena predicted to occur
in ultraquantum-confined nanosilicon [20], and there is as
yet no satisfactory physical explanation of these effects.
Indeed, in some cases even the veracity of the observations
is contested [21]. It is this large nanostructure, small strain
limit that is addressed here.

After the initial report of giant PZR in suspended silicon
nanowires [13], it was rapidly realized that large stress-
induced resistance changes were correlated with equilib-
rium carrier depletion [22], and that electronically active
defects, possibly at the surface, have some role to play
[14,16–18,22–24]. In parallel with these reports, it was
shown that, under conditions of carrier depletion, large
nonstress-related drifts in device currents are possible, and
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that these may be easily confused with unusual PZR if care
is not taken to separate them, for example, by modulating
the applied mechanical stress [25]. Studies where such pre-
cautions are taken generally find that nanosilicon exhibits
either the usual bulk silicon PZR [26–28] or anomalous
(but not giant) PZR where the sign changes relative to that
expected for the given doping type [17,18,23,24]. Given
this, it is reasonable to ask why anomalous PZR is only
sometimes reported, why giant PZR is so elusive, why car-
rier depletion is important, and what the role of electrically
active defects is.

To investigate these questions further, here the role of
electrically active defects and partial charge carrier deple-
tion is made explicit by deliberately introducing silicon
divacancy defects into thin device layers of so-called fully
depleted silicon-on-insulator (SOI) via self-implantation
of Si5+ ions. Using a numerical solution of the stress-
dependent, coupled Poisson and charge transport equations
to simulate the transport, an observed, anomalous sign
change of the PZR as a function of the applied bias is quan-
titatively attributed to a combination of the bipolar nature
of space-charge-limited currents (SCLCs), and to the stress
dependence of the divacancy trap energies that modifies
the Shockley-Read-Hall (SRH) recombination rate.

PZR has historically been studied in doped, bulk semi-
conductor devices at low applied voltages where it is
reasonable to assume unipolar electrical transport in the
charge-neutral limit, i.e., in which the density of nonequi-
librium injected charge is negligible compared to the equi-
librium free charge density [29]. Under such conditions,
ohmic conduction is observed, i.e., the current density
J is proportional to the applied voltage V. For the case
of p-type material, J = σpV/d, where d is the channel
length, σp = 1/ρp = pμpq is the hole conductivity, p is
the hole density, μp is the hole mobility, and q is the
electronic charge. A similar expression can be given for
electrons. The PZR in charge-neutral silicon is princi-
pally the result of mechanical-stress-induced changes to
the effective masses and hence the mobilities [19], and
its sign is determined only by the doping type. Generally
speaking, since the effective masses are tensor quantities
in a crystal, so too is the PZR. However, for the case of a
resistance measurement made parallel to the direction of
the applied stress, the PZR is characterized by a scalar,
longitudinal π coefficient which, in the case of holes, is

πp = 1
X

�ρp

ρp0
≈ − 1

X
�μp

μp0
, (1)

where μp0 is the zero-stress mobility and X is the applied
stress. The approximate equality is valid for small changes
in the mobility. Once again, a similar expression can be
given for electrons. In the devices considered here, resis-
tance is measured parallel to an applied stress along the

〈110〉 crystal direction for which [30]

πp ≈ +71 × 10−11 Pa−1 (2)

and

πn ≈ −30 × 10−11 Pa−1. (3)

While the steady-state PZR measured here is approxi-
mately bounded by these values, it is not only due to
stress-induced mobility changes.

II. SAMPLE DETAILS

Two-terminal devices are fabricated using standard pho-
tolithographic processing methods from (001)-oriented,
fully depleted SOI with a 2 μm thick, unintentionally
doped device layer (DL) shown in dark blue in Fig. 1 and
a 1 μm-thick buried oxide (BOX) layer. Devices of the
type used elsewhere [25,31] are fabricated with p+-ohmic
contacts (boron, 1018 cm−3) shown in light blue in Fig. 1,
and then cut into chips (20 × 13 mm2) whose long axis
is parallel to the 〈110〉 crystal direction as seen in the left
panel of Fig. 1(a). These chips are compatible with a three-
point bending apparatus and approach described elsewhere
[25,31,32] that is used here to apply a time-modulated, ten-
sile mechanical stress of approximately 20 MPa for the
PZR measurements along the 〈110〉 crystal direction as
indicated by the purple arrow in Fig. 1(a). In Fig. 1(a)
we show progressive enlargements of the devices from the
chip level in the left panel, to the multidevice level in the
top, right panel, to the individual device level in the bot-
tom, right panel. The enlargements are indicated by the
red rectangles in the figure. The lateral dimensions of an
individual device’s active area between the ohmic contacts
are 100 × 100 μm2. In Fig. 1(b) we show a perspective
schematic drawing of an individual device using the same
color code as the micrograph images. In the perspective
drawing the top 8 μm of the 400 μm thick handle is shown
in white, the BOX shown in dark gray, the device layer
is shown in dark blue, and the p+ contacts are shown in
light blue. All dimensions are in micrometers. The vari-
able mesh projection will be used for the device modeling
and analysis, and will be commented on further below.

Postprocessing a selection of 20 × 13 mm2 chips are
exposed to a 10 MeV beam of Si5+ ions with the aim of
forming a desired density of silicon divacancy defects [33].
The total resulting dose is 1012 cm−2, which Stopping and
Range of Ions in Matter (SRIM) modeling [34] indicates
should result in a deposition of the majority of the ions into
the wafer handle, as shown by the red curve of Fig. 2(a).
The SRIM modeling also allows for a calculation of the
resulting nominal silicon divacancy defect concentration
as a function of depth [blue curve in Fig. 2(a)]. A closer
inspection of the device layer itself, shown in Fig. 2(b),
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(a)

(b)

FIG. 1. (a) False color micrographs of the devices. The left
panel shows the macroscopic chip layout with the external, met-
allized ohmic contacts clearly visible in light blue. As indicated
by the red box, an enlarged view of multiple devices is shown
in the top, right panel. A further enlargement to the individ-
ual device level is shown in the bottom, right panel. The active
device areas are shown in dark blue. Tensile mechanical stress is
applied parallel to the 〈110〉 crystal direction as indicated by the
purple arrow in the left panel. (b) A perspective schematic dia-
gram of an individual device using the same color scheme as the
micrographs, with active volume dimensions shown in microm-
eters. A variable mesh projection in the vertical plane to be used
in the device modeling and analysis is also shown.

shows that this should result in an approximately uniform
distribution of divacancy defects in the device layer of
density approximately 2.5 × 1016 cm−3.

In order to evaluate the result of the ion implantation,
photoinduced current transient spectroscopy (PICTS) [35]
on the resulting devices using a 940 nm laser with a 20 ns
rise and fall time are performed using a home-built deep
level transient spectroscopy (DLTS) setup. Photoinduced
current transients are measured using a fast current ampli-
fier at temperatures ranging from 80 to 300 K with a fixed
bias of 6 V applied to the samples. The resulting PICTS
signal, i.e., the current difference obtained using a dou-
ble box car technique, shows a single peak around 240 K

(a)

(b)

FIG. 2. (a) SRIM modeling of the 10 MeV Si5+ ion implant
into the silicon-on-insulator wafers. The implant principally
occurs in the wafer handle (red curve in the top panel), but a
long tale of implanted ions on the device layer side results in
an approximately homogeneous distribution of silicon divacancy
defects of density approximately 2.5 × 1016 cm−3 in the device
layer itself [blue curves, including the enlarged device layer view
in (b)].

after defect engineering [blue curve in Fig. 3(a)], whereas
the PICTS signal before defect engineering is featureless
[black curve in Fig. 3(a)]. Using the usual DLTS meth-
ods to obtain the temperature dependence of the emission
rates from the electronic trap responsible for the PICTS
peak, the Arrhenius plot in Fig. 3(b) is obtained. The slope
yields an activation energy of 0.47 eV for the electronic
trap, which is therefore tentatively identified as the singly
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FIG. 3. (a) Typical PICTS signal obtained before (black curve)
and after (blue curve) Si5+ ion implantation. The implantation
results in a single peak around 240 K, and a standard double box
car analysis yields the Arrhenius plot shown in (b), the slope of
which corresponds to a deep electronic trap 0.47 eV below the
conduction band edge.
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ionized acceptor form of the silicon divacancy defect [36].
The absence of other defect signals, particularly the other
charge states of the divacancy defect, suggests that the
singly charged state is the most energetically favorable or
that its optical capture rate is the fastest. Strictly speak-
ing, this cannot however rule out the presence of other
implant-induced defects in the sample.

The two principal effects of the Si5+ irradiation are to
drastically shorten the SRH electron and hole lifetimes
[37] and to potentially modify the type and density of the
equilibrium doping density in the unintentionally doped
active area of the device between the ohmic contacts [38].
We show below that the defect engineering results in a
lightly, n-type active area so that the devices formed are
p+-n-p+ bipolar structures in which the lifetime of any
injected, nonequilibrium charge is orders of magnitude
shorter than the lifetimes of unirradiated silicon.

III. ZERO-STRESS CHARACTERISTICS

In Fig. 4(a) we show typical zero-stress, current-voltage
characteristics obtained in a defect-engineered sample with
the wafer handle held at ground. The arrows and colors
represent the direction of the bias sweep, and a hystere-
sis is visible between the up (blue markers and arrow)
and the down (red markers and arrow) sweeps. The curves
are obtained in quasisteady state by applying a series of

(a)

(b)

FIG. 4. (a) Experimentally measured up- (blue circles and
arrow) and down- (red circles and arrow) sweep current-voltage
characteristics obtained on the defect engineered devices. The
slopes indicated in the log-log plot are a guide to the eye.
(b) Relative current change induced by a +1 V change in the
voltage applied to the wafer handle. The sign indicates a major-
ity electron current below a threshold voltage, Vt, and a majority
hole current above this bias. A hysteresis in Vt is clearly visible
between the up and down sweeps.

fixed voltage biases and then waiting until the current sta-
bilized at each point. Stabilization times are in general
of the order of a few minutes at most, except near the
threshold voltage Vt where the current abruptly increases.
In this bias range stabilization times are long, sometimes
of the order of one day or more, and therefore the steady-
state nature of the current cannot be guaranteed around Vt.
Most importantly for this work, however, is that at biases
around Vt the majority carrier in the active area changes
from electrons to holes. The evidence for this is shown in
Fig. 4(b) that shows the relative current changes induced
by a +1 V change in the handle voltage that acts as a
gate for the device layer. Below Vt an increase in the cur-
rent indicates that electrons are the majority carriers in the
active area while, on the contrary, above Vt holes become
the majority carrier. This is the typical behavior observed
in the punch-through effect in p+-n-p+ bipolar junction
devices [39].

To better understand the macroscopic electrical prop-
erties of the defect engineered devices, a self-consistent
numerical solution of the Poisson and drift-diffusion equa-
tions in the van Roosbroeck form is sought. Although
the drift-diffusion equations include spontaneous band-to-
band recombination, and SRH recombination and Auger
recombination terms, at the injection levels used here
it is found that the SRH process is dominant. The
implementation follows the standard Scharfetter-Gummel
approach [40] on a variable rectangular mesh like that
shown in Fig. 1(b). The calculation is performed on a
two-dimensional mesh in order to properly account for
the reduced electrostatic dimensionality of the devices
[41,42] and the presence of a low permittivity environ-
ment (air), both of which affect Vt and the magnitude of the
SCLCs [42].

The defect engineering on the devices considered here
is accounted for in the model by using drastically reduced
SRH lifetimes [37] and by introducing a small donor den-
sity Nd, presumably arising from secondary effects of the
ion implantation that renders the active area n-type [38].
In Fig. 5 we show the principal effects of a change in these
parameter values on the calculated current-voltage charac-
teristics. In Fig. 5(a) we explore the effect of a change in the
SRH electron and hole lifetimes, τn and τp , respectively,
for a donor density Nd = 1.4 × 1014 cm−3. While for the
shortest times (i.e., below 5 ps) there is a slight shift in the
threshold voltage Vt, the principal effect of a reduction in
the lifetimes is to increase the subthreshold current. Note
that in this subthreshold region the current varies as

√
V,

as expected for a recombination-limited minority current
(here electrons) between two reservoirs of majority carri-
ers (here holes). Above threshold a V2 dependence typical
of a Mott-Gurney-like SCLC is calculated. As we discuss
below, this is indeed a SCLC of holes injected from the
p+ contacts. In Fig. 5(b) we show the variation in the cal-
culated characteristics for τn = τp = 5 ns [i.e., the green
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(a)

(b)

FIG. 5. Calculated dependence of the device characteristics on
(a) the SRH recombination times τn and τp for a donor density
Nd = 1.4 × 1014 cm−3 and (b) the donor density Nd for τn =
τp = 5 ns. The lifetimes principally change the subthreshold
electron current that is recombination limited, and Nd princi-
pally changes the threshold voltage Vt corresponding to the rapid
increase in current and the onset of a space-charge-limited hole
current.

curve in Fig. 5(a)] when Nd is varied. While there are
relatively small changes in the subthreshold current, the
principal effect of a change in Nd is to change the threshold
voltage Vt itself. Therefore, in trying to match as best as
possible the calculated characteristics with the measured
data, the SRH lifetimes are first estimated from the low-
voltage current and then Nd is subsequently determined
from Vt.

In Fig. 6 we show the calculated current-voltage charac-
teristics that best match the experimental data in Fig. 4(a).
Extremely short SRH carrier lifetimes of 0.5 ps consis-
tent with values obtained after Si5+-ion implantation [37]
are used, and Nd = 1.4 × 1014 cm−3 for the up-sweep
characteristic (blue curve) while Nd = 0.5 × 1014 cm−3 for
the down-sweep characteristic (red curve). In both cases

FIG. 6. The calculated current-voltage characteristics (solid
lines) calculated using a self-consistent solution of the Poisson-
transport equations [40]. The colors correspond to the voltage
sweep direction as indicated by the arrows, and the symbols
illustrate the switch from an electron to a hole current at Vt.
The model qualitatively reproduces the punch-through behavior
observed experimentally in Fig. 4.

the upper limits for the carrier mobilities are used, μn =
1400 cm2/Vs and μp = 450 cm2/Vs. Given the strong
dependence of the magnitude of SCLCs on the geom-
etry of the sample [41,42], this agreement a posteriori
suggests that the charge carrier mobilities are not signif-
icantly reduced via scattering [43] from the engineered
divacancy defects. In addition to the current magnitude,
many of the features of the experimentally measured data
in Fig. 4(a) are reproduced, including the punch-through
effect in which the current is dominated by electrons below
Vt (filled circles) and holes above it (open circles), and the
variation from ohmic behavior at very low voltages to a√

V dependence below Vt. There are however some differ-
ences between the modeled and measured characteristics.
For example, the experimentally observed hysteresis can
be reproduced by varying Nd, suggesting that the applica-
tion of large applied biases affects the donor charge state.
While it is possible to speculate about the the details of
this electric-field-activated process [44,45], in real devices
it is likely to occur progressively with applied bias. Con-
sequently, the exact shapes of the calculated and mea-
sured current-voltage characteristics are not expected to
match perfectly. Another difference occurs at high voltages
where the model produces a typical V2 SCLC characteristic
[42,46], whereas the data in Fig. 4(a) show a linear depen-
dence. The model includes velocity saturation, so this does
not account for the linear characteristic. It is likely that the
linearity is due to a potential barrier at the contacts that
limits hole injection [47], and which is not accounted for
in the model. As we discuss in Sec. IV, the PZR data at
high voltage support this conclusion.
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(a)

(b)

FIG. 7. PZR π coefficient measured under 20 MPa of uniax-
ial tensile stress parallel to the applied current along the 〈110〉
crystal direction. Up (blue circles and arrow) and down (red
circles and arrow) sweeps are shown. (a) Results from the defect-
engineered sample whose characteristics are shown in Fig. 4.
Near Vt, π changes sign and is approximately bounded by the
known bulk silicon values [19] given in Eqs. (2) and (3). (b)
Results for a device prior to defect engineering. No anomalous
(negative) PZR is observed. Note also that the hysteresis is only
present in defect-engineered devices.

Despite the excellent qualitative agreement between the
model and the experimental data, the model is not expected
to yield a fit to the experimental curves. It is rather aimed at
aiding in the physical interpretation of the PZR data when
stress-dependent quantities are introduced into the model,
and in this it proves to be very useful.

IV. PIEZORESISTANCE

In Fig. 7(a) we show the PZR π coefficient measured
simultaneously with the current-voltage characteristic by
applying a uniaxial tensile stress of approximately 20 MPa
parallel to the current flow along the 〈110〉 crystal direc-
tion. The color code corresponds to the up and down
sweeps as indicated in Fig. 4(a). The π coefficient changes
sign around the previously defined threshold voltage, Vt,
varying from approximately −24 × 10−11 Pa−1 at low
biases to approximately +65 × 10−11 Pa−1 at high biases.
As Fig. 7(b) indicates, this sign change is not observed
in the as-prepared devices prior to defect engineering.
The threshold voltage at which the switch in sign of the
PZR in the defect-engineered devices is observed exhibits
the same hysteresis as the current-voltage characteristic
in Fig. 4(a), but this hysteresis is absent prior to defect
engineering [see Fig. 7(b)]. The hysteresis is therefore
correlated with the presence of defects induced by the Si5+

ion implant, as is the anomalous PZR at low bias.
Since the measured PZR switches from approximately

that of charge-neutral, n-type silicon given in Eq. (3) at

FIG. 8. PZR calculated using the self-consistent Poisson and
drift-diffusion equation solver for the up- and down- voltage
sweeps as indicated by the colors and arrows. A stress-induced
change in the effective masses alone [19] does not result in
anomalous PZR at low bias (dashed lines), but stress-induced
shifts in the trap energies consistent with known band deforma-
tion potentials do however (solid lines). The curves show many
qualitative similarities with the measured data in Fig. 7(a).

low biases to approximately that of charge-neutral p-type
silicon given in Eq. (2) at high biases, and since this switch
occurs where the majority carrier type changes from elec-
trons to holes, it is tempting to ascribe the anomalous sign
change of the PZR to a simple switch from n-type to p-type
PZR. Further analysis however shows that this is incorrect.

In Fig. 8 we show the calculated PZR with the same
color codes for the up- and down- voltage sweeps as used
previously. In terms of the origin of the anomalous sign
change of the PZR, consideration of the up-sweep curves
is instructive. The dashed blue curve shows the response
obtained when only the usual electron and hole mobility
changes [19] are accounted for. In this case no anoma-
lous PZR is expected. The π coefficient remains positive,
passing from a small value below Vt to the charge-neutral
p-type value at high biases where hole injection occurs.
This resembles more closely the PZR response obtained
prior to defect engineering as shown in Fig. 7(b), suggest-
ing that in the as-processed devices either the density or the
stress dependence of preexisting trap activation energies is
negligible.

After defect engineering, the electron current below Vt
is recombination limited and a stress dependence of the
dominant SRH process may then be important. Aside from
the effect of stress on the effective mass [19] and hence
on the effective densities of states NC and NV of the con-
duction and valence bands, deformation potential theory
suggests that the most obvious candidate for a stress depen-
dence amongst the SRH parameters is the trap activation
energy, EC − ET. Trapping cross sections that influence the
recombination times τn and τp are physically related
to the shapes of the eigenfunctions, and are therefore
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not expected to significantly change with small applied
stresses. Thus, in the usual SRH rate expression,

RSRH = np − n2
i

τn(p + p1) + τn(n + n1)
, (4)

it is the characteristic electron and hole concentrations,

n1 = NC exp
[

− EC − ET

kBT

]
(5)

and

p1 = NV exp
[

EV − ET

kBT

]
, (6)

that are the likely origin of the stress dependence of the
SRH recombination.

The solid blue curve in Fig. 8 is obtained when EC − ET
increases by 30 μV/MPa of tensile stress. The stress-
induced increase in EC − ET slightly increases the SRH
recombination rate, resulting in higher currents below Vt
and therefore a negative PZR. Above Vt a space-charge-
limited hole current proportional to μp that no longer
depends on recombination is established, and the PZR
naturally tends towards the usual value [19]. This observa-
tion also reinforces the conclusion that intervalley transfer
causing velocity saturation is negligible, and that the linear
dependence of the characteristic in Fig. 4(a) at high volt-
ages is due to an injection barrier [47]. Similar behavior is
observed in the calculated, down-sweep PZR (red curves
in Fig. 8), where the general form of the curve matches
well the measured data in Fig. 7(a), including the hysteresis
in Vt.

Both the sign and magnitude of the stress-induced
change in EC − ET, estimated here by comparing the
numerical model to the transport measurements, are in
excellent agreement with independent experimental esti-
mates obtained using a variety of spectroscopic techniques
[48–50]. Using electron spin resonance under uniaxial
stress, the singly ionized acceptor form of the divacancy
like that which is tentatively identified here shifts by
60 μV/MPa [48], whereas the doubly ionized acceptor
form is found to shift under hydrostatic pressure by 12
μV/MPa using capacitive measurements [49], and by 51
μV/MPa using a Laplace DLTS method [50]. These val-
ues are also close to those estimated using first principle
calculations [51]. This agreement gives added weight to
the interpretation of the origin of the anomalous PZR that
is proposed here.

V. DISCUSSION AND CONCLUSIONS

The silicon-on-insulator devices studied here are
designed to reproduce the conditions under which giant

or anomalous PZR is observed at strains of approximately
0.01% in carrier-depleted, nanosilicon objects whose char-
acteristic size is greater than 10 nm [13–18,23,24]. As
the comparison of the data with the device modeling here
shows, background doping levels in the device layer are
low enough to ensure that lateral transport is space-charge
limited, and the introduction of a nominal, approximately
1016 cm−3, divacancy defect density shortens the SRH
lifetimes by several orders of magnitude compared to
lightly doped, defect-free silicon. In comparison, transport
through nanosilicon objects of the type exhibiting unusual
PZR is likely to be space-charge limited since in nanowire
and nanomembrane geometries surrounded by a low per-
mittivity environment, Gauss’ law dictates that SCLCs are
encountered at relatively low-voltage thresholds even at
relatively high doping densities [41,42,52]. Moreover, in
such objects, high surface-to-volume ratios increase the
influence of surface-related SRH recombination, result-
ing in ultrashort recombination times that are comparable
to those found here [53]. As such, the results obtained
here can be used to partially respond to the questions
posed above, i.e., why is anomalous PZR only sometimes
reported, why is giant PZR so elusive, why is carrier deple-
tion important, and what is the role of electrically active
defects?

The physical description given here goes beyond the
usual descriptive observation that carrier depletion is
correlated with unusual PZR [22]. It explicitly shows
that unusual PZR, in this case of anomalous sign, is
only obtained for nonequilibrium transport. In the near-
equilibrium limit, transport is dominated by equilibrium
charge carriers as described by the Drude conductivity
and the usual n-type or p-type PZR related to effective
mass changes arising from stress-induced valley splittings
is obtained [19]. In large nanosilicon objects whose elec-
tronic structure is just that of the bulk material, deviation
from this PZR is only possible (but not guaranteed) if the
nonequilibrium carrier density injected from the contacts is
comparable to (or larger than) the equilibrium carrier den-
sity. Thus, carrier depletion is important for unusual PZR
since it ensures that the transport is dominated by nonequi-
librium carriers that may be subject to stress-dependent
processes other than the usual effective mass changes.

For nonequilibrium transport, this work shows that the
PZR depends firstly on whether the carriers injected from
the contacts are of the same or opposite type to those
present at equilibrium. If they are of the same type, a SCLC
will be established at some threshold voltage where the
characteristic switches from a linear to V2 bias dependence.
Since the SCLC is proportional to the carrier mobility
[41,46], the PZR does not change sign. This is the case for
the devices studied here prior to defect engineering [see
Fig. 7(b)], and is probably also the case in samples where
just the usual, bulk PZR in space-charge-limited nanosili-
con is found [25]. If the injected carriers are of the opposite
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type to those present in equilibrium then the characteristic
exhibits an initial recombination-limited current propor-
tional to

√
V if the lifetimes are sufficiently short before

evolving into a unipolar SCLC at high bias. This is the
case for the defect-engineered devices studied here. The
PZR then also depends on the stress dependence of the
recombination parameters. If SRH processes are dominant,
as is usual in silicon, then one immediately understands
the influence of the electronically active defects acting as
SRH recombination centers in determining the PZR. This
is explicitly shown here, but it is possible to identify other
cases in the literature where anomalous PZR is likely the
result of the exact same process [14,17].

Finally, we come to the question of giant PZR. Can the
stress-dependent SRH mechanism result in giant PZR? The
answer is probably not, given the magnitude of the stress-
induced changes in EC − ET estimated here and elsewhere
[48–50]. The order of magnitude of this change (approxi-
mately tens of μV/MPa) has also been directly observed
for the intrinsic silicon surface defects [54] that limit life-
times in high surface-to-volume ratio nano-objects [53].
More generally, deformation potentials of this order of
magnitude are typically observed for any electronic state in
an inorganic semiconductor [55]. To account for the giant
PZR, the SRH mechanism described here would therefore
require a very peculiar defect with an exceptionally large
deformation potential, which at this stage seems unlikely.
Since current drift is often an issue in transport experi-
ments made in the space-charge limit, especially in the
presence of traps, an alternative explanation for observa-
tions of giant PZR is that measurements were uninten-
tionally performed under nonsteady-state conditions where
charge-trapping-related giant PZR can be observed [31].
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