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Abstract
We have studied the response of a sol–gel based TiO2, high k dielectric field effect transistor
structure to microwave radiation. Under fixed bias conditions the transistor shows frequency
dependent current fluctuations when exposed to continuous wave microwave radiation. Some of
these fluctuations take the form of high Q resonances. The time dependent characteristics of
these responses were studied by modulating the microwaves with a pulse signal. The
measurements show that there is a shift in the centre frequency of these high Q resonances
when the pulse time is varied. The measured lifetime of these resonances is high enough to be
useful for non-classical information processing.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

High-k dielectric materials are currently being investigated
intensively to enable the further downscaling of silicon
MOSFETs following Moore’s law [1] beyond the limits
imposed the breakdown of ultra-thin silicon dioxide gate
dielectric layers [2–5]. Titanium oxide (TiO2) has a high
relative permittivity between 4 and 86 and good thermal
stability on silicon, would be an attractive high-k dielectric
material [6–9]. But TiO2 has a rather small conduction band
offset with silicon, which leads to a high gate leakage current
at room temperature [3]. The gate leakage current is strongly
dependent on the electric field, the temperature and on the
nature of the charge traps within the dielectric material [2, 10].
These charge traps can originate through a non-stoichiometry
of the dielectric material (particularly oxygen deficiencies in
the case of TiO2) or through the incorporation of impurities
(such as organic residues from a sol–gel process that are
not completely consumed by the annealing process). The
properties of these traps are usually investigated by measuring

the DC gate leakage characteristics as a function of electric
field and temperature or by measuring the response to a
voltage step, so that some time dependent information can
be obtained [11–16]. In both cases, the experiment usually
requires a non-standard device to give a measurable signal and
it is the collective properties of a large number of traps that is
determined by such a measurement.

In previous work, a TiO2 sol–gel based high-k
gate dielectric silicon MOSFET was fabricated and the
characteristics studied over a range of temperatures [17].
At room temperature, rather poor transistor operation was
demonstrated due to the high gate leakage current that results
from the small conduction band offset and from impurities
in the gate dielectric layer. However at reduced temperature,
the transistor characteristics were greatly improved due to
the suppression of the thermally activated tunnelling that
determines the temperature dependence of the leakage current.
Good transistor operation was obtained at a temperature of 4 K
in a sub-micron MOSFET device. Furthermore, microwave
spectroscopy indicated a highly non-linear response that was
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absent at room temperature, but increased in amplitude and
visibility as the temperature was reduced. The measured
microwave characteristic was different for each device and was
modified upon thermal cycling, but was stable and repeatable
as long as changes to the gate and source–drain voltages or
to the temperature were kept small. Microwave resonances
have also been seen in similar devices made using ZrO2 but
were absent in devices made using HfO2 or without the sol–
gel derived high-k dielectric. TiO2 gave the clearest and most
stable resonances and so were chosen for further investigation.

It was speculated that the origin of these features was
the modification, by the microwave radiation, of the charge
trapped in the gate dielectric. The very large number of
separately identifiable features in the microwave spectrum
suggested that the contributions due to individual traps may
be isolated using frequency addressing. If so, then this
would offer a method for exploring the properties of individual
traps, something that is not possible with conventional
approaches. In this paper, we extend the measurement of
the microwave characteristics to high resolution microwave
spectroscopy, using both continuous wave (CW) and pulsed
excitation. Long lived excitations are identified using CW
measurements and their time dependence investigated using
pulsed measurements.

In practice, the leakage current characteristics of these
devices limits useful operation to low temperatures only. But,
as the threshold voltage shifts significantly with temperature,
the design of conventional circuits using these devices is
extremely difficult, so that this structure is best suited for single
transistor operation. Since low temperature transistor operation
is essential for the read-out device in a solid state quantum
computer, the device described in this work may be suitable
for this application. The possibility of using this structure as
a read-out device, with the charge traps acting as qubits, is
discussed.

2. Experimental setup

The fabrication of TiO2 sol–gel based high-k gate dielectric
silicon MOSFETs has been described previously [17]. The
transistor is designed with nominal channel dimensions of
500 nm in width and 1000 nm in length, made using an SOI
wafer with a weakly p-type (NA ∼ 1015 cm−3) 50 nm thick
silicon layer isolated by a 200 nm thick buried oxide layer from
the substrate. The high-k dielectric layer was deposited as a
TiO2 sol–gel by spinning and the gate area was crosslinked
by e-beam exposure with a dose of 350 C m−2, at a beam
energy of 50 kV. After removal of the unexposed material, the
remaining TiO2 was annealed in an air ambient at a temperature
of 450 ◦C for 1 h to remove organic residues, giving a final
gate dielectric thickness of 40 nm. Aluminium metallization
was used for the gate metal, as well as for the source and drain
contact pads.

Individual transistors were bonded into 20 pin leadless
header packages for electrical testing in a modified burn-in
socket that could be directly immersed into liquid cryogens.
DC electrical measurements were made using Keithley 236
SMUs, controlled by a LabView program, through lines that

Computer

G
PI

B
 b

us

Agilent 81130A
Pulse pattern 

generator

E8257D
Microwave 

Source

Herotek
S1D0518AL
PIN switch

BFM21
Power
Amp

Keithley 
236 SMU

Keithley 
236 SMU

BLP1.9

BLP1.9

R
G

40
2 

se
m

i-
ri

gi
d 

co
ax

ia
l c

ab
le

C ≈ 1 x 10-15 F

Cryogenic
enclosure

Figure 1. Schematic diagram of the measurement circuit. The
microwave signal is carried by an RG402 semi-rigid waveguide to
within ∼0.5 mm of the device-under-test, where it is coupled
capacitively to the gate and/or source/drain electrodes. The dashed
line marks the cryogenic enclosure (this forms a Faraday cage of
∼1 m in length) that is directly immersed into the liquid cryogens.

were low pass filtered by Minicircuits BLP1.9 coaxial units (to
minimize the effects of external electromagnetic noise). The
best signal-to-noise ratios for microwave spectroscopy were
obtained with DC biasing close to the threshold condition for
the transistor, however the biasing conditions had only a very
small effect on the shape of the response seen. The nature of
the burn-in socket, the leadless header package and the low
pass filter limited the bandwidth for signals passing between
the device under test and the room temperature voltage sources
and current measurement equipment to a practical frequency of
<2 MHz.

The schematic diagram of the circuit arrangement is
shown in figure 1. Continuous microwaves (CW), in the
frequency range 0.25 to ∼4 GHz, were provided by an Agilent
E8257D PSG Analog Signal Generator and coupled to the
device under test by an open ended RG402 semi-rigid coaxial
waveguide. By controlling the spacing between the end of the
waveguide and the base of the header package containing the
device under test, reflections from the end of the waveguide
may be avoided over a wide frequency range, at the expense
of very weak coupling of the microwave power to the device
under test. By not having a direct connection to the device
under test, the heat load due to thermal conduction along the
waveguide is eliminated.

Pulsed microwave signals were obtained by passing the
CW signal through a Herotek S1D0518AL SPST PIN switch
controlled by an Agilent 81130A pulse pattern generator. The
microwave signal was further amplified by an AH1-1 MMIC
amplifier (WJ Communications Inc.) situated about 1 m away
from the device under test.

3. Results and discussion

The DC characterization of these devices has been reported
previously [17], where transistor operation was observed at
room temperature, 77 and 4 K. In this work we concentrate
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Figure 2. Wideband microwave spectroscopy for a device with
source–drain bias of 1.0 V and gate voltage 1.1 V. The arrow
indicates the position of a high Q resonance used for the subsequent
pulse time dependence measurement.

on the device behaviour measured at a temperature of 4 K,
using fixed gate and source–drain bias voltages close to the
threshold condition. The drain current response to wideband
microwave spectroscopy, using a CW signal power of about
+12 dBm applied to the room temperature end of the coupling
waveguide, is shown in figure 2. This spectrum shows two
types of feature; those of large amplitude (∼25% of nominal
current) that change relatively slowly with frequency and
smaller amplitude features (�5% of nominal current) that
occur over significantly smaller frequency ranges. These latter
features show as spikes in this figure, but are resolved into
resonant peaks with well defined linewidth, when measured at
high resolution. In the accessible frequency range, there are
several hundred such resonances. We concentrate on the latter
features for the remainder of the paper.

In order to investigate the time dependent behaviour of
these resonances, we amplitude modulate the microwave signal
with equal ON and OFF times, together being the pulse
time. This modulation is seen to have a significant effect on
the behaviour, an example for a typical resonance is shown
in figure 3(a). This colour map shows the change in time
averaged device current as a function of microwave frequency
and modulation pulse time; each measurement point takes
∼200 ms corresponds to a very large number of individual
modulation pulses. The centre frequency of this resonance is
indicated by the diagonal green feature starting at 2.4104 GHz
for the shortest pulse time and ending at 2.4108 GHz for a
pulse time of 10 μs. The CW behaviour of this resonance is
shown in the inset, which indicates that the resonance is a local
decrease in the device current as the frequency is swept through
the feature. This behaviour results in the resonant feature
being green in the colour plot, a lower current compared to the
red/yellow currents seen further away. The square modulation
of the microwaves also gives rise to the sideband features seen
symmetrically placed above and below the central feature; the
frequency separation between these sideband features and the
central resonance is inversely dependent on the pulse time

Figure 3. (a) Colour map of the time averaged device current versus
pulse time over a limited frequency range about a resonant feature
results in a local reduction in current. Inset: CW response of this
resonant feature showing a Q factor of ∼75 000. (b) The error bars
indicating the centre and sideband frequencies determined from (a)
and the continuous line represents the sideband calculated using the
centre frequency line as a reference. The vertical dot–dashed line
indicates where a RTS event occurred.

(figure 3(b)). For the very shortest pulse times the sidebands
are moved outside of the range of frequencies in the colour plot.
The vertical dashed line represents the point where the random
telegraph signal (RTS) occurred and there is an upward shift in
the location of the centre peak and sidebands.

At a pulse time of ∼7.5 μs a random telegraph event
occurred, which caused an overall step change in the measured
current; this step change coincided with a stepwise increase
in the resonant and sideband frequencies of ∼50 kHz. These
kind of stepwise current changes are usually attributed to the
emptying or filling of individual traps [18], suggesting that
the charge stored in a nearby trap has a significant effect on
the centre frequency of this resonant feature. Other random
telegraph events are visible in the colour plot, although most
show little or no influence on the centre frequency of the
resonance. This is understandable if the traps causing such
events are situated at a long distance from that causing the
resonant feature; such a large separation is more likely than
close proximity due to the geometry of the device.
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Figure 4. Colour map of the time averaged device current versus
pulse time over a limited frequency range about another resonant
feature. Similar behaviour to that seen in figure 3 is seen, including
an increase in centre and sideband frequencies with increasing pulse
time of similar magnitude. Arrows indicate the centre frequency at
the shortest and the longest pulse times. Inset: CW response of this
feature showing a Q factor of ∼61 000.

The pulse time dependence of another feature located at a
frequency of ∼2.4117 GHz is shown in figure 4. Very similar
behaviour compared to that in figure 3 is observed, including
the positive slope of the pulse time dependence of the centre
frequency (∼40 kHz μs−1) suggesting that this behaviour may
be universal.

The Q value and centre frequency ( f0) of the resonance
suggests that coherent behaviour is possible over a time period
approximately equal to the ratio (Q/ f0). The amplitude
measured along the track of the centre frequency for the
data shown in figure 3 is shown in figure 5. The shift
in centre frequency due to random telegraph events does
not allow us to extend this graph to the full extent of the
data shown in figure 3, although arbitrarily offsetting the
track suggests that the observed behaviour is maintained over
the full pulse time range. There is a strong pulse time
dependence of the amplitude, which extends throughout the
range of measurements, although the largest changes occur at
the shortest pulse times.

Coherent behaviour would be indicated by an oscillation
of the amplitude with a decay time given by the ratio (Q/ f0).
In addition to this decaying sine wave, we have a contribution
to the amplitude change from the sidebands, which can interact
with nearby peaks, particularly for the shortest pulse times.
The CW data shown in the inset in figure 3 shows that there are
no additional resonant peaks within the measured frequency
range, which corresponds to pulse times down to ∼1 μs. The
continuous line in figure 5 shows a fit to the measured data
using the period and taking the decay time from the ratio
(Q/ f0), together with two other terms corresponding to nearby
resonances. For the data in figures 3 and 5, these additional
contributions are significant only for pulse times of less than
∼1 μs, which is what is observed in the data.

We now discuss the origin of the resonant behaviour,
in particular the mechanisms for the change in current with
excitation frequency, for the lifetime for this excitation and for

Figure 5. Relative centre peak amplitude for the resonance shown in
figure 3. The continuous line shows the model response due to three
components. The first is due to the resonance shown in the inset of
figure 3, where a lifetime of about 20 μs has been used, slightly
shorter than the value indicated by the CW behaviour due to the
increased MW power used in the pulsed measurement. The other two
features are due to the sideband excitation of nearby resonant peaks
as figure 3.

the pulse time dependence of the modulated excitation. It is
well known that high-k dielectric materials contain significant
numbers of traps [3], indeed the sol–gel based material used
here probably contains significantly higher numbers of traps
than is normally encountered. Charge transport through the
high-k dielectric layer takes place through hopping between
trapping sites in pathways oriented perpendicular to the silicon
surface due to the gate electric field [2]. In this type of
transport, the current flow behaviour is always dominated
by the hardest hops, so that charge may be isolated in a
section of the pathway by two particularly hard hops, as
shown schematically in figure 6(a). In the isolated section,
we will assume that a single electron can take one of two
spatially separated locations. This assumption is justified if
each location is formed by an atomic sized defect (such as an
oxygen deficiency or carbon atom) as Coulomb charging will
prevent more than one extra electron being accommodated on
the site and if the sites are separated by a sufficiently large (and
wide) barrier to ensure charge localization.

In principle, each defect could form a pathway with every
other nearby defect, however, in practice, we need only be
concerned with the pathways formed by the much smaller
subset of defect locations where the barrier height/width and
energy level separation are small. The electric field and
temperature dependence of a large number of such pathways
is described by a trap assisted tunnelling mechanism [19]. In
the case of the random telegraph events and of the microwave
resonances, the change in the channel current is due to a
relocation of the charge in one of these isolated regions. This
changes the electron number in the channel by a discrete
amount, leading to a corresponding change in the channel
current.

Trap energy levels will be distributed over a wide energy
range due to the disorder in the system, but in some of the
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Figure 6. (a) Schematic cross-sectional diagram of the gate dielectric
stack showing the location of defects and possible percolation
pathways. For any given pathway, the transport may be controlled by
charged trapped in a critical pair of defects. (b) Energy level diagram
before electron transfer between sites in the critical pair showing the
occupied level on the first site (•) and the available unoccupied level
on the second site (◦). The full lines and the dashed lines represent
the energy levels taking account of the on site charge interaction.
(c) Energy level diagram after electron transfer.

regions of interest the energy difference between the pair
of isolated locations will be small enough to correspond to
photon energies in the microwave range. Resonant excitation
by an external microwave field will cause spacial Rabi
oscillations between the two locations with a corresponding
effect on the channel current [20]. Under CW excitation, the
Rabi oscillations are not resolved in time with measurement
arrangement, but if one of the two locations is preferred for
occupation, then these Rabi oscillations have the effect of
spreading the occupation from the preferred site to the non-
preferred site. This relocation of the trapped electron causes a
change in the channel current that is measured as the resonance
feature in the microwave spectroscopy.

Boltzmann statistics would suggest that the occupation
of two energy levels separated by an energy difference
corresponding to a photon frequency of a few GHz is very
nearly equal, even at a temperature of 4 K. However, if the
barrier between the two locations is sufficiently large that the
electron can be considered as localized at one or other location
as assumed, then the thermally activated transfer between
these locations is rather slow. Moreover, the energy level at
each location is not fixed, but is dependent on electrostatic
interactions with other nearby charges in the manner of a
polaron. One possible consequence is that a preferred location
can arise due to the on site contribution to energy level.

Consider the energy level diagram shown in figure 6(b);
each location has two energy levels, one corresponding to the
occupied state (higher level) and the other corresponding to the
unoccupied state (lower level). The energy difference between
the occupied and unoccupied levels is due to the electrostatic
interaction with other nearby charges and can be expected
to be much larger than the microwave photon energy due to

the size of the trap and the separation from other charges.
On transfer of the electron from the preferred location to the
non-preferred location, the energy level separation between
the newly occupied and unoccupied levels is considerably
increased, see figure 6(c). This changes the thermally activated
transfer rate so that the reverse transfer rate is much higher than
the forward rate; this anisotropy in the transfer rates essentially
localizes the electron on the preferred location in the absence
of resonant microwave excitation.

When a resonant microwave excitation is applied to this
system spacial Rabi oscillations are set up between the two
locations at a frequency that is dependent on the coupled
power. At low power, the Rabi frequency is small compared to
the thermally activated reverse transfer rate and the occupation
of the non-preferred location is unaffected. At higher powers,
the Rabi frequency becomes larger than the thermally activated
reverse transfer rate so that the occupation of the non-preferred
location increases towards a maximum value of 50%.

When the resonant microwave excitation is modulated,
the system is in phase with the microwaves only during the
ON part of the modulation. During the OFF part of the
modulation, the phase of the system lags the microwave source
due to the energy losses. The maximum amplitude of a driven
simply harmonic system occurs at a higher frequency than
the undriven natural frequency; the difference in frequency is
related to the losses in the system. In a high Q resonance the
losses are small, so that this frequency difference is also small
and may be accounted for by adding a linear time dependent
phase term to the microwave oscillation to describe the system
oscillation. The result of this time dependent phase term is
that when the next ON part of the modulation occurs, there
is a phase difference between the system oscillation and the
microwave signal that is dependent on the OFF time. As the
pulse time is increased, this phase difference increases linearly
and an amplitude oscillation is completed every time the phase
difference exceeds 2π .

4. Conclusions

The behaviour of a TiO2 sol–gel based high-k gate dielectric
silicon MOSFET has been investigated under CW and pulsed
microwave irradiation. Coherent behaviour, related to the
movement of charge trapped in defects within the dielectric
layer, has been observed. This behaviour offers a method for
the investigation of the properties of individual traps. The
lifetime and detectability of these microwave excitations are
promising for use as qubits. A single transistor contains a large
number of potential qubits, which can be separately addressed
in the frequency domain.
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