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Abstract
In this work, we experimentally investigate the impact of electrical stress on the tunability of
single hole transport properties within a p-type silicon MOSFET at a temperature of T = 2 K.
This is achieved by monitoring Coulomb-blockade from three disorder based quantum dots at
the channel-oxide interface, which are known to lack tunability as a result of their stochastic
origin. Our findings indicate that when applying gate biases between −4 V and −4.6 V, nearby
charge trapping enhances Coulomb-blockade leading to a stronger quantum dot confinement
that can be reversed to the initial device condition after performing a thermal cycle reset.
Re-applying stress then gives rise to a predictable response from reproducible changes in the
quantum dot charging characteristics with consistent charging energy increases of up to ≈50%
being observed. We reach a threshold above gate biases of −4.6 V, where the performance and
stability become reduced due to device degradation occurring as a product of large-scale trap
generation. The results not only suggest stress as an effective technique to enhance and reset
charging properties but also offer insight on how standard industrial silicon devices can be
harnessed for single charge transport applications.

Keywords: quantum dot, interface disorder, MOSFET, electrical stress, Coulomb blockade,
reversible trap, charging energy
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1. Introduction

The ability to form quantum dots (QDs) through the fab-
rication of dedicated multi-gate devices as well as single
impurity based structures has led numerous breakthroughs
in quantum transport and quantum information processing
schemes through manipulating individual charges [1–6].
Various single electron and hole device architectures were
designed and developed over the years, from single hole tran-
sistors (SHTs) and single carrier pumps, to charge sensors and
quantum bits [7–13]. Ultimately, technological impact as a
result of such endeavours can only become a reality if the phys-
ical components can be manufactured on a large-scale, which
are reproducible and have guaranteed stability.

To promote better integration with classical control hard-
ware, attempts are being made to develop functioning single
charge devices using industry standard fabrication processes,
which have the clear advantage of utilizing well established
silicon (Si) fabrication technology and promote very large-
scale integration (VLSI) [14, 15]. Recently, MOSFETs have
gained attention within the field of quantum information tech-
nology owing to the need for closer system integration of cryo-
genic circuits and large-scale quantum computers [16, 17].
This approach has many advantages including reducing wiring
complexity by simplifying interconnects, improving signal-
noise ratio and low power consumption with sufficiently high
power output [18]. Building on this, a common mechanism
used throughout quantum information processing known as
Coulomb-blockade (CB) also occurs within industry grade
Si MOSFETs at low temperatures as a consequence of dis-
order based QDs [19, 20]. CB is an electrostatic phenomenon
whereby single carrier tunnelling is prohibited, which is
advantageous for not only controlling discrete charges but also
enables information on the dimensions and charging paramet-
ers of a QD system to be determined [21]. As such, MOS-
FETs provide an excellent test platform to explore single
charge interactions. However, QDs originating from defects
present in MOSFETs suffer from the inability to control
aspects such as carrier number, size and coupling which are
largely fixed by the poly-Si grains and interface defects that
produce them [22–25]. Despite this, successful attempts at
mitigating the random nature by tuning disorder QDs for
quantum information processing and memory purposes have
been carried out, as well as taking advantage of the inher-
ent randomness by demonstrating that the unique charging
properties can be of use as a physically unclonable function
(PUF) [26–28].

On the other hand, if the origin and behaviour of defect
based QDs were better understood, this would show a path
towards controlling single charging characteristics through
manipulating the disorder, with the possibility of tuningMOS-
FET QDs. This would satisfy the need for an efficient and
scalable device capable of SHT operation using a VLSI plat-
form. The most significant challenge in this regard is that of
device variability owing to random and uncontrollable charges
in the vicinity of the QD, which are the leading causes of

unpredictable behaviour. This has meant exploring methods
to improve the consistency and tunability of features that are
essential to SHT function, such as charging energy (Ec), capa-
citive couplings and activation energy (Ea) [29]. One method
is through the application of electrical stress in the form of a
large gate bias. Applying this technique draws parallels from
the significant effort put forward historically into oxide reli-
ability when down-scaling transistors in search of better per-
formance, together with the development of resistive memory,
where state switching is initiated as a consequence of voltage
driven structural change within the oxide [30, 31].

In this study, we intentionally induce stress within a Si
MOSFET by systematically applying high gate biases and
investigate the beneficial changes to quantum transport via
Ec and Ea through monitoring CB. In addition, we quantit-
atively analyse the resulting threshold voltage (Vth) shift and
gate leakage to assess the effect on conventional MOSFET
operation as well as to identify a threshold of stability upon
which further stress compromises performance. Our work is
comprised of three sections, with section 2 outlining the device
specification and stress procedure, followed by the results in
section 3 which details the stress-induced changes to the Ec

and Ea. We end with a discussion in section 4, comparing and
summarizing our findings together with an explanation of how
our proposed method is beneficial for future quantum techno-
logies when utilizing disorder based QDs.

2. Device and stress methodology

The necessary high-resolution current–voltage (I–V) charac-
terisations were acquired by utilising a B1500A semicon-
ductor analyser through biasing the gate (Vg) and source (VSD)
terminals whilst measuring the gate leakage (Ig) and drain cur-
rent (Id). The experimental procedure for measurement and
application of stress was conducted at a temperature of 2 K,
via wire bonding and mounting the sample into a Cryogenic
cryogen-free cryostat. The device under investigation is a p-
type Si MOSFET fabricated by standard 65 nm-node techno-
logy with a gate length of 60 nm and width of 10 µm. The gate
and oxide materials are composed of highly doped poly-Si and
Si-oxynitride respectively, with an equivalent oxide thickness
of 2.4 nm. A channel length of 60 nmwas chosen, as it is repor-
ted that distances of less than 80 nm are required for single
carrier tunnelling [32]. A schematic of the device is given in
figure 1(a) with the associated terminals for voltage/current
measurements. These terminals control the transport of indi-
vidual charges via QDs in the channel acting as a capacitor that
is coupled to each of the three terminals, depending on the gate
and source/drain voltage conditions Vg and VSD. The circuit
model describing this situation can be seen in figure 1(b).

Electrical stress is performed by applying a double gate
sweep, from 0 V to a maximum gate voltage for given sweep
(Vg,max), and then back to 0 V while recording Ig. The stress-
ing procedure commenced at an initial value of Vg,max =
−4 V up to a maximum Vg,max =−5.6 V through −200 mV
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Figure 1. (a) A schematic of the p-type MOSFET with an
illustration of a quantum dot (QD) in the channel. (b) A circuit
diagram showing how a QD in the channel is capacitively coupled
to the gate (Cg), source (Cs) and drain (Cd). (c) A QD can be created
by Si dangling bonds or poly-Si grains (depicted) at the gate-oxide
interface which results in valance-band bending and quantized
energy levels for single hole transport. (d) An Id–Vg plot displaying
Coulomb oscillations and Coulomb-blockade (CB) as a result of QD
formation in the channel at a temperature of T = 2 K.

increments. The effect of such large Vg biases on quantum
transport was monitored via Coulomb-diamonds (CDs) by
generating a charge stability diagram (CSD) before and after
applying stress. CDs are a key measurement tool to visu-
alize the charging and transport properties of QDs, which
appear in I–V characteristics as a result of CB in the sub-
threshold region. During this regime, tunnelling is blocked
due to the electrostatic charging energy of the occupying
holes.

For the MOSFET device under investigation, this trans-
port scheme is realised as the channel becomes inverted and
a 2-dimensional hole-gas (2DHG) begins to form. Struc-
tural randomness then leads to additional confinement via
valance-band bending along the lateral direction of the channel
2DHG, generating island-like structures (QDs) as a product
of quantum confinement due to their size [33]. Single car-
rier transport is then observed as a result of discrete charging
from levels within the altered potential profile. Consequently,
applying sufficient gate voltage leads to non-uniformity across
the channel because of the modified threshold for inversion at
these small regions, since holes are able tunnel through the
defect originated levels, whereas tunnelling barriers exist on
either side. In our device the structural randomness is sus-
pected to originate from disorder-based defects such as Si
dangling bonds or poly-Si grains, as depicted in figure 1(c).
Single hole transport as a product of these defects is con-
firmed in figure 1(d) for low VSD by the presence of Coulomb
oscillations (current peaks) and CB.

Figure 2. (a) Ig–Vg stress sweep for Vg,max =−4 V. The total Ig
(black) is separated into the respective carriers, with electrons
tunnelling from the gate (blue) and holes from the channel (red).
(b) A band diagram illustration displaying the leakage mechanisms
as a result of anode hole injection (AHI) for |Vg|> 3.5 V, where hot
electrons tunnelling across the oxide lead to the generation of hot
holes, which are injected back into the oxide and create interface
traps.

The first gate sweep stress measurement, Vg,max =−4 V, is
displayed in figure 2(a) with the total gate leakage Ig (black),
and the carriers separated into electrons (blue) and holes (red).
Separating the leakage current into the corresponding carri-
ers is important to document trapping and oxide breakdown
mechanisms which can be carrier specific. As observed in
figure 2(a) Ig is predominantly composed of hole tunnelling
at the onset of stress from the n-Si well to the p+ poly-Si
gate (Ig–Isub). However when |Vg| > 1.5 V electrons (Isub)
begin to tunnel directly from the p+ poly-Si valence band
to the n-well conduction band. The magnitude of Vg bias
applied is sufficient to induce electron and hole traps in com-
bination with interface states, which can lead to non-trivial
effects to QD charging characteristics and therefore heav-
ily influences changes to the interface disorder. Because of
these processes, stress has been widely reported to trap both
holes and electrons within the oxide together with the gener-
ation of interface states as illustrated in figure 2(b) [34, 35].
The origin of stress-induced leakage current and charge trap-
ping can be attributed to carrier specific tunnelling across the
oxide through mechanisms such as anode hole injection (AHI)
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[36–38]. During AHI, biases above |Vg| ≈ 3.5 V are able to
generate sufficiently high fields for electrons to be injected into
the n-Si well [39]. Here, the energy is transferred to an elec-
tron deep in the valence band, creating a hot hole [37, 40, 41].
These hot holes then tunnel back through the oxide and induce
trap generation at the interface and create weak points in the
oxide layer, as shown in figure 2(b).

3. Results

Figure 3(a)–(c) displays CSDs with identical VSD and Vg para-
meters, where each subplot in a given row only differs in
the amount of stress applied prior to measurement. An ini-
tial CSD was taken before stress, and then immediately after
Vg,max = −4 V, −4.2 V, −4.4 V and −4.6 V in figure 3(i)–(v)
for each column respectively. A Vg,max value of −4 V was
chosen in particular to identify any differences which emerge
from the onset of trapping at the interface due to AHI. The
resulting CB patterns are a product of three distinct QDs,
whereby the CD dimensions along VSD are proportional to the
charging energy. in figure 3(a)(i)–(v) QD1, QD2 and QD3 are
highlighted by the white, pink and black regions to track the
progressive change from Vg,max = −4 V to −4.6 V. Between
figure 3(a)(v)–(b)(i), as well as (b)(v)–(c)(i), the device under-
went a thermal cycle, from 2 K to 295 K and then back to
2 K, as a way to determine the permanency of the stress
related changes and to gain further evidence on the mechan-
ism. Repeat stress measurements in figure 3(b) and (c) also
allow the stability and reproducibility of the CD structure to be
assessed, serving as a comparison to figure 3(a). After apply-
ing Vg,max of −4 V, the same significant increase in char-
ging energy of QD1 is observed with a moderate increase for
QD2, however a less consistent change in the charging prop-
erties of QD3 as Vg,max increased can be noted. The most
striking feature is the similarity of the regions outlined in
figure 3(a)(i)–(v) when compared to (b)(i)–(v) and (c)(i)–(v)
evidencing that the variation caused by stress is temporary,
and there exists not only a reversible trend but also a consist-
ent response due to stress. The initial states in figure 3(b) and
(c) clearly show an almost identical CDs pattern when com-
pared to (a). This provides further support on the relationship
between stress and QD changes when analysing the CDs after
the first and second thermal cycles where the CB pattern rever-
ted to the initial device condition. QD1 most notably matches
the enhanced features after stress, with QD2 appearing moder-
atelymore confined but less consistent, and as before an unpre-
dictable relationship between stress-induced changes and the
charging properties of QD3.

Further CSDs were generated at elevated Vg,max values of
−4.8 V to −5.2 V (figure 4(a)(i)–(iii)). The effect of apply-
ing biases greater than Vg,max = −4.6 V clearly demonstrates
device degradation. This is evident from the manifestation of
CD features gradually appearing smaller, fewer in number,
and unstable when moving from (i) to (iii) in figure 4(a). To
highlight the impact of stress-induced traps on QD stability,
Id–Vg sweeps were taken after Vg,max = −5.2 V and plotted

(figure 4(b)) where significant random telegraph signal (RTS)
appeared in Id [42]. Large discrete switching events between
high and low states are plainly visible throughout the sweep,
but appear most detrimental around Vg = −720 mV for low
VSD, owing to their magnitude relative to the Coulomb oscil-
lation peak. Here, the high/low signals refer to an occupied or
unoccupied trap due to a single charge, where each state res-
ults in a Vth shift from a modified electric field in the channel
and therefore leads to a sudden change in Id [43–46]. This sug-
gests that breakdown mechanisms within the oxide and at the
channel-oxide interface are beginning to greatly hinder device
stability.

Greater insight on stress-induced changes can be unveiled
through calculating Vth shift, an important parameter for char-
acterising global transport changes across the MOSFET chan-
nel as an outcome of trapped oxide charge. Since Vth shift
is a clear indicator that charge is becoming trapped within
the oxide, or at the interface, it represents capacitive changes
experienced across the whole channel in response to oxide
breakdown. Here, we defined the Vth as the gate bias at which
Id becomes greater than 1 nA . Therefore a negative Vth shift
corresponds to an increase in negative gate bias in order to
invert the channel and compensate for trapped positive charge
[47]. Based on this, Vth shift was calculated after every Vg,max

sweep. In figure 4(c), a −160 mV Vth shift is attained when
comparing the initial Id and after applying Vg,max =−5.6 V.
This is consistent with the injection of holes into the oxide
layer leading to a negative shift in Vth. A very similar trend is
observed in figure 4(d) for the charge fluence (Qf) through the
oxide, which is calculated via equation (1) [48]:

Qf = A
ˆ t

0
Ig(t)dt (1)

where A is the channel surface area, Ig is the leakage current
of each respective carrier and t the total measurement time
for a given sweep. Focusing on the increase in carrier tun-
nelling across the oxide in figure 4(d), it is worth noting that
between Vg,max =−4 V to−4.6 V,Qf rises from 25 C cm−2 to
81 C cm−2 for holes and 50 C cm−2 to 179 C cm−2 for elec-
trons. This is in contrast to an increase by more than an order
of magnitude between Vg,max = −4.6 V to −5.6 V, whereby
the values rise to 927 C cm−2 and 1916 C cm−2 for holes and
electrons respectively within the unstable region.

Another key attribute of QDs is the barrier height, other-
wise known as Ea, which can be utilized to study any stress-
induced changes to the system. Ea can be calculated by meas-
uring the temperature dependence of Id during the Coulomb
oscillation peaks between CDs. The Id temperature depend-
ence is displayed in figure 5(a)(i) and (a)(ii), where Id–Vg plots
over a temperature range of 10–40 K are displayed for the
initial state and after Vg,max = −4 V respectively. Evidently,
increases in temperature aremet with elevated Id, in addition to
the Coulomb oscillation peaks for each QD (labelled) becom-
ing less defined and shifting to lowerVg values. This is consist-
ent with the thermal emission of holes within the QDs. Com-
paring figure 5(a)(i) and (a)(ii), the most significant change
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Figure 3. Charge stability diagrams (CSDs) generated from experimental data by biasing the source (VSD) and gate (Vg), whilst measuring
drain current (Id) in the sub-threshold region. (a) CSDs taken of the initial state and immediately after Vg,max = −4 V, −4.2 V, −4.4 V and
−4.6 V stress sweeps in (i)–(v) respectively. The white, pink and black dashed rectangles highlight the changes to the Coulomb diamond
pattern from QD1, QD2 and QD3 respectively, as a result of stress-induced changes at the interface. (b) After performing one thermal cycle
to 295 K and back to 2 K, the CSDs were remeasured with identical parameters in (i)–(v). (c) A second thermal cycle was performed and
the CSDs were retaken again in (i)–(v) to verify a consistent response.

Figure 4. For Vg,max =−4.8 V and beyond, the experimental data suggests that the device stability is compromised from large-scale
trapping. (a)(i)–(iii) CSDs at elevated Vg,max values of −4.8 V, −5 V and −5.2 V respectively. The Coulomb diamonds appear unstable in
(i) with RTS becoming more prominent in (ii) and (iii). (b) Id–Vg sweeps after Vg,max = −5.2 V for VSD =5 to 25 mV, where the RTS
becomes very prominent and greatly affects device performance. (c) The respective change in threshold voltage (Vth) shift as the maximum
applied stress voltage, Vg,max, increased from −4 V to −5.6 V. A significant shift can noted above Vg,max = −5 V. (d) Charge fluence (Qf)
for both electrons and holes through the oxide at each Vg,max.
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Figure 5. Estimating changes to the activation energy (Ea) after stress by using the QD temperature dependence. (a)(i) Coulomb oscillation
peaks at 10–40 K for QD1, QD2 and QD3 in the initial pre-stressed state and after applying Vg,max = −4 V in (a)(ii). (b)(i)–(iii) Arrhenius
plots over a 10–40 K temperature range to extract Ea from the Coulomb oscillation peaks of each QD during the initial state and after
applying Vg,max = −4 V in (b)(iv)–(vi).

after stress, mirroring the CSDs in figure 3, is the drop in Id
due to the CD expansion for QD1. Using the peak Id oscillation
for each QD level at a given temperature, Ea can be approx-
imated according to the well known Arrhenius model via the
equation [49]:

Id = Id0e
−Ea
kT (2)

where Id0,k, and T are the initial drain current as the temperat-
ure approaches 0 K, the Boltzmann constant and temperature
respectively. Arrhenius plots based on this model are shown in
figure 5(b)(i)–(vi) where Ea is estimated via the gradient dur-
ing the thermal emission regime as indicated. Figure 5(b)(i)–
(iii) display plots for extracting Ea of the initial state for QD1,
QD2 and QD3. Figure 5(b)(iv)–(vi) depict the same plots after
Vg,max = −4 V which yield increases of 0.5 meV for QD1

and 0.4 meV for QD2, while a modest increase of 0.1 meV
is observed for QD3.

To summarize the key differences as a result of stress, Ea,
Ec and lever arm (α) of the three QDs after each stress voltage
were determined. This is achieved using figure 3(a)(i)–(v) with
equations Ec =

e
CΣ

and α= VSD
Vg

together with figure 5(a)(i)–
(ii) and equation (2). These parameters for each QD during
the initial state and after Vg,max = −4 V to −4.6 V are dis-
played in table 1 above. In addition, we also approximated
the initial QD diameter (dQD) given the QD surface area (SQD)
and effective oxide thickness (teff) by dQD =

√
4SQD/π, using

SQD = Cg/Ceff and Ceff = ϵox/teff, where ϵox is the permittivity

Table 1. Summary of single hole transport properties of QD1−3

when subjected to electrical stress.

No. Vg,max(V) Ea (meV) Ec (meV) α

QD1 Initial 4.2 12.5 0.7
−4 4.7 13.8 0.7
−4.2 4.7 16.8 0.8
−4.4 4.9 15.0 0.7
−4.6 4.4 19.3 0.8

QD2 Initial 3.8 2.5 0.4
−4 4.2 3.8 0.4
−4.2 4.4 2.0 0.4
−4.4 4.5 4.0 0.5
−4.6 3.9 4.0 0.5

QD3 Initial 2.8 5.5 0.3
−4 2.9 7.3 0.4
−4.2 3.1 5.5 0.4
−4.4 3.3 3.5 0.3
−4.6 2.4 5.5 0.4

of the oxide. This yields a dQD of 28 nm, 46 nm and 31 nm for
QD1, QD2 and QD3 respectively.

4. Discussion

In table 1 the α values obtained serve as a strong indicator that
each of the CDs tracked after applying stress are indeed from
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the same three distinct QDs. Considering that α reflects the
ratio of QD couplings (from CD dimensions), a higher value
such as 0.8 for QD1 suggests a strong coupling and in close
proximity to the gate, whereas a lower value of 0.3 implies
QD3 is located further away from the interface. Based on this,
we propose the origin of QD1 to be a Si dangling bond at the
oxide-interface, given the high α value as well as an Ec close
to 13 meV above the valence band, which is agreeable for this
type of trap site [50]. QD2 and QD3 on the other hand are
presumed to be generated by disorder of a different nature,
for example, poly-Si grains, where small non-uniformities in
the gate are small enough to create confined levels for single
carrier transport. QD1 initially had a larger Ec of 12.5 meV
in figure 3(a)(i), which then gradually increased to 19.3 meV
in (a)(v), a rise of more than 50%. This overall pattern is
matched for QD2, although its Ec decreased after applying
Vg,max =−4.2 V, from 2.5 meV in figure 3(a)(i) to 2.0 meV in
(a)(iii), before finally reaching an enhanced 4 meV in (a)(v).
For QD3 however this tendency of an increasing Ec for larger
a Vg,max is not observed. The first −4 V stress sweep resulted
in a 30% enlargement in Ec, but despite this, after the applic-
ation of stress for all other values from −4.2 V to −4.6 V the
outcome was either a reduction to the initial Ec or less. Our
findings suggest that QD1 yielded the greatest stress response
from the largest increases in Ec by magnitude, although
QD2 demonstrated a similar response relative to it is CD
dimensions.

The enhanced charging properties can be explained by
changes to the oxide integrity in combination with the likely
QD origin. If single hole transport is a product of dangling
bonds or poly-Si grains at the oxide interface, charge traps
are more likely to form close to these sites as a consequence
of weaker oxide performance. As a natural outcome, stress-
induced trapping would then lead to a build up of charge at the
interface close to regions harbouring the defects, resulting in
the narrowing of the potential profile and hence stronger con-
finement. Aside from anomalous trapping which can produce
matching responses, a model to explain the similarity between
QD1 andQD2 may be related to the larger size of QD2 (46 nm),
when compared to QD1 (28 nm). The reasoning is that a smal-
ler α value of QD2, and therefore weaker interaction with the
interface charge, may be compensated for by the greater QD
surface area exposed to oxide trapping. QD3 on the other hand
not only exhibited less predictable changes but also possessed
the weakest interface coupling in combination with a smaller
size of 31 nm.

Comparisons between the impact of stress and Ea from
table 1 yield the same tendencies for all QDs. A system-
atic trend is ascertained from an enlargement in Ea after
Vg,max =−4 V, which differed in magnitude and then revealed
the same tendency of a sudden decrease at Vg,max = −4.6 V,
close to or below the initial value. In fact, when |Vg,max|>
4.6 V, a transformation in the behaviour is expected to take
place in order to reflect the precipice of significant oxide
degradation. At higher Vg,max values the sheer magnitude
of charge trapping within the oxide cannot be efficiently
removed and therefore leads to the instabilities as displayed

in figure 4(a) and (b). A rising Vth shift in figure 4(c), accom-
panied by an escalating Qf through the oxide in figure 4(d)
is to be expected due to AHI, as described in section 2. This
may also explain the possible reason behind the drop in Ea at
Vg,max =−4.6 V, since the potential barrier height between the
QD and source/drain may well become reduced from many
trapped oxide charges. Furthermore, the AHI model offers
a solution to the polarity of carrier trapping, where positive
charge associated with trapped holes and interface states col-
lectively dominate the negative charge and therefore result
in a negative threshold shift (figure 4(c)) [51]. This can be
explained by electron trapping at defect sites being far less effi-
cient even though the electron fluence is significantly higher
than the hole fluence [52, 53]. Interface states however have
been found to remain for considerable periods of time, with
their effect being the most dominant on QD charging prop-
erties within the Vg,max = −4 V to −4.6 V region due to the
absence of Vth shift. Subsequently, the variation experienced
by single hole transport is considerably more dependant on
local anomalies in contrast to changes in Ea, that are associ-
ated with differences in barrier height on either side of a QD.
As such, any correlation reflects both large-scale changes to
the valance band across the channel and at the QD site. For
example, the introduction of a single trap state in the near
vicinity of a QD would alter the interface disorder and there-
foremodify the capacitive coupling, which then leads to differ-
ing CD charging properties. A scenario such as this is largely
independent of any global stress-induced trends across the
channel as a product of large-scale trapping within the oxide.

The repeatability of the CD pattern when subjected to stress
in figure 3(a)–(c) also reinforces that the induced changes are
predictable and controllable to an extent. The significance of
observing similar responses for all three QDs after stress and
reset cycles is not a trivial matter, considering that the physical
nature behind the changes is a consequence of stochastic phe-
nomena and hence should lead to a plethora of varied charging
characteristics. For example, the CSDs obtained in figure 3 are
a result of three QDs which vary in location and size. Accord-
ingly, the response due to stress will likely always display
some variation, depending upon the sensitivity and proximity
of the defect level to both the differences at the interface and
within the oxide. Therefore we can only claim that the stress-
induced trapping is consistent (at the same sites) for a given
device in order to produce the matching CD response. The
reasoning as to why this happened is suggested to be a product
of charges becoming trapped at the same preferential sites due
to unique structural non-uniformities at the oxide-interface.
These include poly-Si grain edges within the oxide, or close
to the oxide-interface near Si dangling bonds, which would
lead to a repeatable effect for a given device. This almost fully
resettable nature back to the initial state in figure 3(a)(i), (b)(i)
and (c)(i) therefore highlights a complete annihilation of the
stress-induced interface states by relaxation at elevated tem-
peratures, which we also confirmed in another, similar, device.

Our stress technique offers a path towards tuning char-
ging characteristics in a controllable and reversible way that
enables Si MOSFETs to perform as optimized QD devices.
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For example, because stress introduces temporary interface
traps it can aid in offsetting the parasitic background charges of
SHTs that produce unwanted device variability. Furthermore,
increasing Ec is advantageous for optimizing SHT perform-
ance to aid in reducing the gate leakage together with higher
temperatures of stable operation. The large-scale changes due
to stress also demonstrate that the CD pattern for a given
device can be altered to such a degree that the pattern becomes
unrecognisable when compared to the original state, which
is then fully resettable to the initial condition. Our stressing
method is therefore capable of introducing an appreciable dif-
ference to CB andEc, which provides support for single charge
memory applications from the formation of two distinct device
states that can be written, erased and re-written. In addition,
when using the CD structure as a PUF for transistors, the
variation induced by stress to CB should be considered when
developing applications for device identification and security
purposes.

5. Conclusion

We implemented electrical stress as a new method to select-
ively modify single hole transport characteristics in p-type
MOSFETs. When applying stress up to Vg,max = −4.6 V
the charging energy tends to become enhanced, with repro-
ducible changes following thermal cycles owing to stable
device operation. These beneficial transitions in device
characteristics are worth considering given the VLSI plat-
form. A threshold is reached at further greater biases how-
ever, and a crossover occurs where the benefits are dimin-
ished from instability and poorer performance on account
of large-scale oxide tunnelling and trap generation. We
demonstrated consistent operation and propose the attrib-
utes outlined to be advantageous towards quantum trans-
port applications such as SHTs and single charge memory
devices.
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