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(57) ABSTRACT

The present application describes embodiments of a radio-
frequency identification (RFID) sensor based on a combi-
nation of a surface acoustic wave (SAW) transducer and
two-dimensional electron gas (2DEG) or two-dimensional
hole gas (2DHG) conducting structure, and its use in hemo-
dynamic wearable devices. The SAW RFID sensor chip
contains a piezoelectric substrate, on which a multilayer
heterojunction structure is deposited. The heterojunction
structure comprises at least two layers, a buffer layer and a
barrier layer, wherein the layers are grown from III-V
single-crystalline or polycrystalline semi-conductor materi-
als, such as Ga N/Al Ga N. Interdigitated transducers (IDTs)
transducing SAWs are installed on top of the barrier layer. A
2DEG or 2DHG conducting channel is formed at the inter-
face between the buffer and barrier layers and provides
electron or hole current in the system between the non-
ohmic (capacitively-coupled) source and drain contacts con-
nected to the formed channel.
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SURFACE ACOUSTIC WAVE RFID SENSOR
FOR HEMODYNAMIC WEARABLES

TECHNICAL FIELD

[0001] In general, the present application relates to the
field of electronic sensors based on surface acoustic wave
(SAW) transducers and their use in detection and continuous
monitoring of electrical fields generated by a human In
particular, the present application relates to the GaN/AlGaN
zero-power SAW RFID sensor and its use in hemodynamic
wearable devices.

BACKGROUND

[0002] Personalised mobile medicine has been continu-
ously advancing during the last few years due to the devel-
opment of wearable sensors, which are capable of wirelessly
providing essential medical information while remaining
unobtrusive, comfortable, low cost, and easy to operate and
interpret. Digital innovations are changing medicine, and
hemodynamic monitoring is not an exception. In the nearest
future, we can envision a world where clinicians will moni-
tor patients with hemodynamic wearables or implantable
sensors able to communicate with diagnostic clouds and
integrate the historical, clinical, biological and physiologic
information used in diagnostics and in prediction of adverse
events, choosing the most rationale therapy and ensuring
that it is delivered properly. The present application dem-
onstrates that some of these ideas and products including
personal gadgets and wearables for hemodynamic monitor-
ing become a reality.

[0003] Frederic Michard (“Hemodynamic monitoring in
the era of digital health”, Annals of Intensive Care”, 2016,
6:15) reviewed the modern techniques and devices used in
hemodynamic monitoring. Most of these techniques and
devices are based on pulse contour algorithms, which allow,
for example, the computation of stroke volume and cardiac
output from an arterial blood pressure curve. Their reliability
mainly depends on the signal-to-noise ratio (quality) of the
pressure signal and on changes in a vascular tone. In this
context, DeBacker et al (“Arterial pressure-based cardiac
output monitoring: a multicentre validation of the third-
generation software in septic patients”, Intensive Care
Medicine 2011, 37:233-40) and Slagt et al (“Systematic
review of uncalibrated arterial pressure waveform analysis
to determine cardiac output and stroke volume variation”,
British Journal of Anaesthesia, 2014, 112:626-37) ques-
tioned accuracy and precision of these techniques and
devices using thermodilution or echocardiography as refer-
ence methods, respectively.

[0004] The arterial pressure can be either invasively
recorded from an arterial line, or noninvasively, from finger
arteries, from the radial artery and from a brachial cuff. The
arterial pressure waveform can also be captured from any
bedside monitor by a cell phone camera, and hemodynamic
parameters can be computed by a downloadable application,
such as Captesia™ by Olivier Desebbe (available for
Android). This app has not yet been approved for clinical
use, but it illustrates the ability of digital technologies to
automatically calculates the pulse-pressure variation (PPV)
using a digital photograph of the arterial waveform from the
monitor and selecting peaks and troughs of the arterial
curve, thereby pushing the envelope of hemodynamic moni-
toring practices.
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[0005] Microelectronic and nanoelectronic mechanical
systems (MEMS and NEMS), are miniaturised pressure
sensors based on piezoelectricity and piezoresistivity which
are about to revolutionize the world. They are able to sense
hemodynamic parameters with the high accuracy and high
signal-to-noise ratio. Because they are relatively cheap in
manufacture, tiny, non-invasive and wireless, such sensors
may make continuous hemodynamic monitoting a reality
beyond the operating room and intensive care units. These
sensors may be used by many, from those at risk of hemo-
dynamic deterioration to outpatients with chronic hyperten-
sion.

[0006] Moreover, the possibility of continuous ECG
detection in the daily life is extremely important and invalu-
able for predictive health care in the modern society, where
the heart distress signals could be detected as early as
possible. Pulse-watches measuring the heart rate from a
single point on a wrist using photoplethysmography (pulse
oximetry) have been recently commercialised. Tom-Tom®
Runner Cardio and Mio® Alpha watches use photoplethys-
mography to continuously measure the hemodynamic blood
waves and heart rate. Their principle of operation is based on
pulse transit time method with additional ECG-signal for
calculation of blood pressure.

[0007] In general, an ECG is by definition a differential
measurement. There is a gradient electric field distribution
along the arm according to a bioelectric volume conductor
body nature and to a dynamic electric field volume source
representing the heart dipole function. This heart-dipole
electric field creates a dynamic body surface potential map
on the skin, which is measured differentially at least at two
skin points representing the ECG signal. The distribution of
the electrical field is computed with numerical methods
outgoing from cardiac sources. The differential ECG signal
is measured using the standard Ag/AgCl gel ECG electrodes
when the reference electrode is placed on a patient’s chest
near his heart and the second electrode is moving gradually
to the direction of fingertips between different points along
the way from the heart to the fingertips. Normally, the
differential signal reaches a maximum value at elbow and
remains constant till fingertips. This experimental observa-
tion originates from the nature of the electric field distribu-
tion within a body. Since, the characteristic ECG peak
(Q-to-R peak) amplitude doesn’t change below the elbow
and in the wrist area, the signal distribution eminently
hinders the actual ECG detection with any wearable elbow
and wrist devices.

[0008] Therefore, there is a demand for a new type of
wearable sensors, which would be based on a different
detection principle. There are only two existing non-differ-
ential sensing techniques which are recently developed for
cardiovascular monitoring on a chest or even on lower
limbs. Nakayama et al (2011) and An et al (2012) described
a microelectronic CMOS-based magnetic field sensors
based on giant magneto impedance. These types of micro-
electronic devices were able to detect the magnetocardiog-
raphy-single point signals (MCG) from chest but failed to
detect the MCG signal from wrist.

[0009] Kado et al (2010) described optoelectronic detec-
tors changing their optical properties, such as reflectance, as
a function of e-field magnitude. Such transducers have
already found their application in personal RFID systems,
for example RedTacton® NTT. However, the detection of a
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lower limb ECG signals based on a non-differential skin
potential or remote cardiovascular monitoring still remains
unproven and challenging.

SUMMARY

[0010] The present application describes embodiments of
a microelectronic sensor based on a combination of a
two-dimensional electron gas (2DEG) or two-dimensional
hole gas (2DHG) conducting structure and surface acoustic
wave (SAW) transducer. In some embodiments, the sensor
may contain a piezoelectric substrate, on which a multilayer
heterojunction structure may be deposited. This heterojunc-
tion structure may comprise at least two layers, a buffer layer
and a barrier layer, wherein both layers are grown from I1I-V
single-crystalline or polycrystalline semiconductor materi-
als. Interdigitated transducers (IDTs) transducing surface
acoustic waves may be installed on top of the barrier layer.
[0011] A conducting channel comprising a two-dimen-
sional electron gas (2DEG) or a two-dimensional hole gas
(2DHG) is formed at the interface between the buffer and
barrier layers and may provide electron or hole current in the
system between source and drain electrodes. In a particular
embodiment, the heterojunction structure may be a three-
layer structure consisting of two buffer layers and one barrier
layer squeezed between said buffer layers like in a sandwich.
This may lead to formation of the two-dimensional hole gas
(2DHG) in the top buffer layer above the barrier layer which
results in reversing polarity of the structure.

[0012] The capacitively-coupled (non-ohmic) source and
drain contacts may be connected to the formed 2DEG/
2DHG channel and to electrical metallizations, wherein said
metallizations may be placed on top of the structure and
connect it to an electric circuit of the sensor. An optional
dielectric layer may be deposited on top of the heterojunc-
tion structure. The open gate area of the 2DEG/2DHG
structure is formed between the source and drain areas as a
result of recessing or growing of the top layer to a specific
thickness.

[0013] Since the source and drain contacts are non-ohmic
(i.e. capacitively-coupled), the DC readout cannot be carried
out. To electrically contact the 2DEG/2DHG channel under-
neath, about 5-20 nm bellow the metallizations, the AC-
frequency regime must be used. In other words, the AC
readout or impedance measurements of the electric current
flowing through the 2DEG/2DHG-channel should be per-
formed in this particular case. The capacitive coupling of the
non-ohmic metal contacts with the 2DEG/2DHG channel is
normally induced at the frequency higher than 30 kHz.
[0014] In some embodiments, the multilayer heterojunc-
tion substrate of the present application may be grown from
any available III-V single-crystalline or polycrystalline
semiconductor materials, for example, GaN/AlGaN, GaN/
AIN, GaN/InN, GaN/InAIN, InN/InAIN, GaN/InAlGaN,
GaAs/AlGaAs and LaAlO,/SrTi0;. In a specific case of the
substrate grown from GaN/AlGaN, it has been experimen-
tally and surprisingly found that the highest sensitivity of the
sensor is achieved when thickness of the top recessed layer
(GaN buffer layer or AlGaN barrier layer) in the open gate
area between the source and drain contacts is 5-9 nm,
preferably 6-7 nm, more preferably 6.2-6.4 nm This recessed
layer thickness corresponds to the pseudo-conducting cur-
rent range between normally-on and normally-off operation
mode of the 2DEG/2DHG conducting channel. In addition,
surface roughness of the top recessed layer within the open
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gate area between the source and drain contacts has a
roughness of about 0.2 nm or less, preferably 0.1 nm or less,
more preferably 0.05 nm.

[0015] Further, in some embodiments, the present appli-
cation provides the zero-power SAW RFID sensor, which is
based on the GaN/AlGaN heterostructure, and its use in
hemodynamic wearable devices. In another embodiment,
the sensor is a zero-power sensor remotely powered with the
RF-energy and RFID-coded via the orthogonal frequency
coding (OFC) method.

[0016] Various embodiments may allow various benefits,
and may be used in conjunction with various applications.
The details of one or more embodiments are set forth in the
accompanying figures and the description below. Other
features, objects and advantages of the described techniques
will be apparent from the description and drawings and from
the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Disclosed embodiments will be understood and
appreciated more fully from the following detailed descrip-
tion taken in conjunction with the appended figures. The
drawings included and described herein are schematic and
are not limiting the scope of the disclosure. It is also noted
that in the drawings, the size of some elements may be
exaggerated and, therefore, not drawn to scale for illustrative
purposes. The dimensions and the relative dimensions do not
necessarily correspond to actual reductions to practice of the
disclosure.

[0018] FIG. 1 schematically shows the quantum well at
three different biasing conditions:

[0019] FIG. 1a: positive gate potential (+V) is much
higher than threshold voltage (V ),

[0020] FIG. 15: OV gate potential, and

[0021] FIG. 1c: negative gate potential (-V;) is below
threshold voltage (V).

[0022] FIG. 2 schematically shows the dependence of the
source-drain current (a charge carrier density) induced
inside the 2DEG channel of a GaN/AlGaN HEMT on the
thickness of the AlGaN barrier layer recessed in the open
gate area.

[0023] FIG. 3 illustrates a theory behind the 2DEG for-
mation (charge neutrality combined with the lowest energy
level) at the conduction band discontinuity.

[0024] FIG. 4a shows sensitivity of the PC-HEMT to ionic
fluid for the 22-nm AlGaN barrier layer, normally grown and
then recessed to 6-7 nm.

[0025] FIG. 4b shows sensitivity of the PC-HEMT to ionic
fluid for the ultrathin AlGaN barrier layer grown to 6-7 nm,
then recessed down to 5-6 nm and etched with plasma.
[0026] FIG. 5a schematically shows the formation of the
2DEG and 2DHG conducting channels in the Ga-face three-
layer AlGaN/GaN PC-HEMT structure.

[0027] FIG. 5b schematically shows the formation of the
2DEG and 2DHG conducting channels in the N-face three-
layer A1GaN/GaN PC-HEMT structure.

[0028] FIG. 6 schematically shows the formation of the
2DEG conducting channel in the N-face three-layer AlGaN/
GaN PC-HEMT structure with an ultrathin Al(GaN)N layer
for improved confinement.

[0029] FIG. 7a schematically shows the input interdigi-
tated transducer (IDT)-based SAW device.
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[0030] FIG. 75 schematically shows the IDT and its char-
acteristic parameters: length (L), width (W) and acoustic
wavelength ().

[0031] FIG. 7¢ shows the bandwidth (B) of the SAW as a
function of the number of the IDTs and the frequency (f),
where f; is the centre frequency.

[0032] FIG. 8 schematically shows a SAW RFID sensor of
an embodiment with 2DEG IDTs on a GaN/AlGaN hetero-
structure.

[0033] FIG. 9 schematically shows the basic topology of
the sensor of an embodiment, wherein blue lines in are
assigned to metal structures, such as metal IDTs, light green
lines represent 2DEG structures, brown lines show the
PC-HEMT-like structures and orange area stands for the
AlGaN/GaN-substrate.

[0034] FIG. 10 schematically shows another basic topo-
graphic 2DEG-SAW sensor configuration of an embodi-
ment. On the left, the PC-HEMT-like structure contains a
major pseudo-conducting 2DEG part and non-recessed
2DEG part. Ohmic contacts are represented by red lines.
[0035] FIG. 11 schematically shows still another configu-
ration of the 2DEG-SAW sensor of an embodiment. In this
configuration, the meander antenna parts for the signal and
ground charge are separated by counter shortcutting each
other via the parasitic 2DEG lines at the top and at the
bottom of the shown layout.

[0036] FIG. 12 schematically shows yet further configu-
ration of the 2DEG-SAW sensor. In this simplest configu-
ration, the pseudo-conducting 2DEG area is covering all the
emitter-receiver IDTs area and is optionally connected via
the ohmic contacts to the gate electrode, which is in turn
connected to the IDTs.

[0037] FIG. 13 schematically shows a zero-power SAW
RFID sensor of an embodiment with a remote readout.
[0038] FIG. 14 schematically shows an optoelectronic
sensor of an embodiment for remote readout.

DETAILED DESCRIPTION

[0039] In the following description, various aspects of the
present application will be described. For purposes of expla-
nation, specific configurations and details are set forth in
order to provide a thorough understanding of the present
application. However, it will also be apparent to one skilled
in the art that the present application may be practiced
without the specific details presented herein. Furthermore,
well-known features may be omitted or simplified in order
not to obscure the present application.

[0040] The term “comprising”, used in the claims, is
“open ended” and means the elements recited, or their
equivalent in structure or function, plus any other element or
elements which are not recited. It should not be interpreted
as being restricted to the means listed thereafter; it does not
exclude other elements or steps. It needs to be interpreted as
specifying the presence of the stated features, integers, steps
or components as referred to, but does not preclude the
presence or addition of one or more other features, integers,
steps or components, or groups thereof. Thus, the scope of
the expression “a device comprising x and z” should not be
limited to devices consisting only of components x and z.
Also, the scope of the expression “a method comprising the
steps x and 7~ should not be limited to methods consisting
only of these steps.

[0041] Unless specifically stated, as used herein, the term
“about” is understood as within a range of normal tolerance
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in the art, for example within two standard deviations of the
mean. In one embodiment, the term “about” means within
10% of the reported numerical value of the number with
which it is being used, preferably within 5% of the reported
numerical value. For example, the term “about” can be
immediately understood as within 10%, 9%, 8%, 7%, 6%,
5%, 4%, 3%, 2%, 1%, 0.5%, 0.1%, 0.05%, or 0.01% of the
stated value. In other embodiments, the term “about” can
mean a higher tolerance of variation depending on for
instance the experimental technique used. Said variations of
a specified value are understood by the skilled person and
are within the context of the present invention. As an
illustration, a numerical range of “about 1 to about 5 should
be interpreted to include not only the explicitly recited
values of about 1 to about 5, but also include individual
values and sub-ranges within the indicated range. Thus,
included in this numerical range are individual values such
as 2, 3, and 4 and sub-ranges, for example from 1-3, from
2-4, and from 3-5, as well as 1, 2, 3, 4, 5, or 6, individually.
This same principle applies to ranges reciting only one
numerical value as a minimum or a maximum. Unless
otherwise clear from context, all numerical values provided
herein are modified by the term “about”. Other similar
terms, such as “substantially”, “generally”, “up to” and the
like are to be construed as modifying a term or value such
that it is not an absolute. Such terms will be defined by the
circumstances and the terms that they modify as those terms
are understood by those of skilled in the art. This includes,
at very least, the degree of expected experimental error,
technical error and instrumental error for a given experi-
ment, technique or an instrument used to measure a value.
[0042] As used herein, the term “and/or” includes any and
all combinations of one or more of the associated listed
items. Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art to which this invention belongs. It will be further
understood that terms, such as those defined in commonly
used dictionaries, should be interpreted as having a meaning
that is consistent with their meaning in the context of the
specification and relevant art and should not be interpreted
in an idealized or overly formal sense unless expressly so
defined herein. Well-known functions or constructions may
not be described in detail for brevity and/or clarity.

[0043] It will be understood that when an element is
referred to as being “on”, “attached to”, “connected to”,
“coupled with”, “contacting”, etc., another element, it can be
directly on, attached to, connected to, coupled with or
contacting the other element or intervening elements may
also be present. In contrast, when an element is referred to
as being, for example, “directly on”, “directly attached to”,
“directly connected to”, “directly coupled” with or “directly
contacting” another element, there are no intervening ele-
ments present. It will also be appreciated by those of skill in
the art that references to a structure or feature that is
disposed “adjacent” another feature may have portions that
overlap or underlie the adjacent feature.

[0044] The polarization doped high-electron-mobility
transistor (HEMT) is a field effect transistor (FET) in which
two layers of different bandgap and polarisation field are
grown upon each other forming the heterojunction structure.
In one aspect, the sensor of the present application contains
a piezoelectric substrate comprising the HEMT-like multi-
layer heterojunction structure. This structure is essentially
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based on at least two layers of III-V semiconductor mate-
rials, such as gallium nitride (GaN) and aluminium gallium
nitride (AlGaN). As a consequence of the discontinuity in
the polarisation field, surface charges are created at the
interface between the layers of the heterojunction structure.
If the induced surface charge is positive, electrons will tend
to compensate the induced charge resulting in the formation
of the channel. Since the channel electrons are confined in
a quantum well in an infinitely narrow spatial region at the
interface between the layers, these electrons are referred to
as a two-dimensional electron gas (2DEG). This special
confinement of the channel electrons in the quantum well
actually grants them two-dimensional features, which
strongly enhance their mobility surpassing the bulk mobility
of the material in which the electrons are flowing.

[0045] FIGS. 1a-1¢ schematically shows the quantum well
at three different biasing conditions starting from the posi-
tive gate potential (V), much higher than the threshold
voltage (V;), and going down to the OV gate potential and
further to the negative values below the threshold voltage.
The V ;. is defined as a voltage, which is required to populate
electrons at the interface between the GaN layer and the
AlGaN layers, thereby creating conductivity of the 2DEG
channel. Since the 2DEG channel electrons occupy energy
levels below the Fermi level, the Fermi level in a quantum
well is located above several energy levels when V >>V
(FIG. 1a). This enables high population of channel electrons
and consequently, high conductivity. The 2DEG channel is
turned on in this case. However, when V; decreases to 0V
(FIG. 1), the Fermi level also drops with respect to the
quantum well. As a result, much fewer electron energy levels
are populated and the amount of the 2DEG channel electrons
significantly decreases. When V ; much less than V. (FIG.
1¢), all electron energy levels are above the Fermi level, and
there is no the 2DEG electrons below the gate. This situation
is called “channel depletion”, and the channel is turned off.

[0046] Many commercially available HEMTs based on the
layers of III-V semi-conductor materials have a negative
value of 'V, resulting in a “normally-on” operation mode at
0V gate potential. They are called “depletion-mode” semi-
conductor transistors and used in various power switching
applications when the negative voltage must be applied on
the gate in order to block the current. However, for safe
operation at high voltage or high power density, in order to
reduce the circuit complexity and eliminate standby power
consumption, the transistors with “normally-off” character-
istics are preferred. The high voltages and high switching
speeds allow smaller, more efficient devices, such as home
appliances, communications and automobiles to be manu-
factured. To control the density of electrons in the 2DEG
channel and to switch the HEMT on and off, the voltage at
the gate of the transistor is normally regulated.

[0047] Several techniques to manufacture the normally-off
semiconductor structures have been reported. Burnham et al
(2010) proposed normally-off structures of the recessed gate
type. In this structure, the AlGaN barrier layer is etched and
the gate is brought closer to the interface between the AlGaN
barrier layer and the GaN buffer layer. As the gate
approaches the interface between the layers, the V,
increases. Thus, the normally-off operation of the 2DEG
conducting channel is achieved once the depletion region
reaches the interface and depletes the 2DEG channel at zero
gate voltage. The major advantages of these structures are
relatively lower power consumption, lower noise and sim-
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pler drive circuits. They are currently used, for example, in
microwave and millimetre wave communications, imaging
and radars.

[0048] Chang et al (2009) proposed instead of etching the
relatively thick barrier layer to approach the AlGaN/GaN
interface, to use a very thin AlGaN barrier. This structure
also achieves the normally-off operation of the 2DEG chan-
nel by approaching the gate towards the AlGaN/GaN inter-
face. Chen et al (2010) proposed to use the fluorine-based
plasma treatment method. Although many publications have
adopted various methods to achieve normally-off’ devices
with minimum impact on the drain current, they unfortu-
nately sacrificed device turn-on performance.

[0049] FIG. 2 shows the dependence of the source-drain
current (a charge carrier density) on the barrier layer thick-
ness recessed in the open gate area. As seen from the figure,
structures that have a thickness of the barrier layer in the
open gate area larger than 9 nm form normally-on 2DEG
channels. In such structures, due to the inherent polarisation
effects present in the I11I-V materials, a thin sheet of charges
is induced at the top and bottom of the interfaces of the
barrier layer. As a result, a high electric field is induced in
the barrier layer, and surface donor states at the top interface
start donating electrons to form the 2DEG channel at the
proximity of the heterojunction interface without the appli-
cation of a gate bias. These structures therefore act as
normally-on devices. On the other hand, the structures that
have a thickness of the barrier layer in the open gate area
lower than about 5 nm act as normally-off devices.

[0050] The present application describes embodiments of
a microelectronic sensor or sensor chip based on a combi-
nation of a two-dimensional electron gas (2DEG) or two-
dimensional hole gas (2DHG) structure and surface acoustic
wave (SAW) transducer. In some embodiments, the sensor
may contain a piezoelectric substrate, on which the multi-
layer heterojunction structure may be deposited. This het-
erojunction structure may comprise at least two layers, a
buffer layer and a barrier layer, wherein both layers are
grown from the aforementioned III-V single-crystalline or
polycrystalline semiconductor materials. Interdigitated
transducers (IDTs) transducing surface acoustic waves may
be installed on top of the barrier layer. In some embodi-
ments, the multilayer heterojunction structure of the present
application may be grown from any available I1I-V single-
crystalline or polycrystalline semiconductor materials, such
as GaN/AlGaN, GaN/AIN, GaN/InN, GaN/InAIN, InN/
InAIN, GaN/InAlGaN, GaAs/AlGaAs and LaAlO,/SrTiO;.
In a specific case of the substrate grown from GaN/AlGaN,
it has been experimentally found that the highest sensitivity
of the sensor is achieved when thickness of the top recessed
layer (GaN buffer layer or AlGaN barrier layer) in the open
gate area between the source and drain contacts is 5-9 nm,
preferably 6-7 nm, more preferably 6.2-6.4 nm. In addition,
it was also found that the sensor exhibits its highest sensi-
tivity when surface roughness of the top recessed layer is
about 0.2 nm or less, preferably 0.1 nm or less, more
preferably 0.05 nm.

[0051] Thus, the top layer recessed or grown in the open
gate area to 5-9 nm must be optimised for significantly
enhancing sensitivity of the sensor. This specific thickness of
the barrier layer was surprisingly found to correspond to the
“pseudo-conducting” current range between normally-on
and normally-off operation modes of the 2DEG channel and
requires further explanation.
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[0052] “Pseudo-conducting” (to distinguish from nor-
mally-conducting) current range of the 2DEG channel is
defined as an operation range of the channel between its
normally-on and normally-off operation modes. “Trap
states” are states in the band-gap of a semiconductor which
trap a carrier until it recombines. “Surface states™ are states
caused by surface reconstruction of the local crystal due to
surface tension caused by some crystal defects, dislocations,
or the presence of impurities. Such surface reconstruction
often creates “surface trap states” corresponding to a surface
recombination velocity. Classification of the surface trap
states depends on the relative position of their energy level
inside the band gap. The surface trap states with energy
above the Fermi level are acceptor-like, attaining negative
charge when occupied. However, the surface trap states with
energy below the Fermi level are donor-like, positively
charged when empty and neutral when occupied. These
donor-like surface trap states are considered to be the source
of electrons in the formation of the 2DEG channel. They
may possess a wide distribution of ionization energies
within the band gap and are caused by redox reactions,
dangling bonds and vacancies in the surface layer. A balance
always exists between the 2DEG channel density and the
number of ionised surface donors which is governed by
charge neutrality and continuity of the electric field at the
interfaces.

[0053] Thus, the donor-like surface traps at the surface of
the barrier layer are one of the most important sources of the
2DEG in the channel. However, this only applies for a
specific barrier layer thickness. In a relatively thin barrier
layer, the surface trap state is below the Fermi level.
However, as the barrier layer thickness increases, the energy
of the surface trap state approaches the Fermi energy until it
coincides with it. The thickness of the barrier layer corre-
sponding to such situation is defined as “critical”. At this
point, electrons filling the surface trap state are pulled to the
channel by the strong polarisation-induced electric field
found in the barrier to form the 2DEG instantly.

[0054] If the surface trap states are completely depleted,
further increase in the barrier layer thickness will not
increase the 2DEG density. Actually, if the 2DEG channel
layer fails to stretch the barrier layer, the later will simply
relax. Upon relaxation of the barrier layer, many crystal
defects are created at the interface between the buffer and
barrier layers, and the piezoelectric polarisation instantly
disappears causing deterioration in the 2DEG density.

[0055] In order to illustrate the above phenomenon of the
pseudo-conducting current, reference is now made to FIGS.
2 and 3. As described above, FIG. 2 shows the dependence
of the source-drain current (a charge carrier density) on the
recessed AlGaN barrier layer thickness. Energy equilibrium
between the donor surface trap states and AlGaN tunnel
barrier leads to the 2DEG formation (charge neutrality
combined with the lowest energy level) at the conduction
band discontinuity. As explained above, decrease in the
thickness of the barrier layer results in increase of the energy
barrier. As a result, the ionisable donor-like surface trap
states, which are responsible for electron tunnelling from the
surface to 2DEG, drift bellow the Fermi level, thereby
minimizing the electron supply to the 2DEG channel. This
theoretical situation is further illustrated in FIG. 3. There-
fore, the recess of the AlGaN layer from 9 nm to 5 nm leads
to huge drop in conductivity of the two-dimensional electron
gas for six orders of magnitude.

Aug. 8,2019

[0056] Thus, the mechanism of the 2DEG depletion based
on recessing the barrier layer is strongly dependent on the
donor-like surface trap states (or total surface charge). As the
thickness of the barrier layer decreases, less additional
external charge is needed to apply to the barrier layer surface
in order to deplete the 2DEG channel There is a critical
(smallest) barrier thickness, when the 2DEG channel is
mostly depleted but still highly conductive due to a combi-
nation of the energy barrier and the donor surface trap states
energy. At this critical thickness, even the smallest energy
shift at the surface via any external influence, for example an
acoustic wave propagating along the surface, leads imme-
diately to the very strong 2DEG depletion. As a result, the
surface of the barrier layer at this critical thickness is
extremely sensitive to any smallest change in the electrical
field of the surroundings.

[0057] Thus, recess of the barrier layer from 9 nm down
to 5 nm significantly reduced the 2DEG density, brought the
sensor to the “near threshold” operation and resulted in
highly increased surface charge sensitivity. The specific 5-9
nm thickness of the barrier layer responsible for the pseudo-
conducting behaviour of the 2DEG channel gives the sensor
an incredible sensitivity.

[0058] For example, the heterojunction structure with a
22-nm grown AlGaN layer, subjected to short plasma acti-
vation (60 s) and recessed to 6-7 nm, is compared with the
ultrathin grown 6-7 nm heterojunction structure having the
AlGaN barrier layer recessed to 5-6 nm and etched with
plasma for 450 s. In the first case, the AlGaN barrier layer
is initially not recessed, but instead the 2-3-nm SiN layer
(known as a “GaN cap layer”) is cracked and the surface
states are ionised. The AlGaN barrier layer in the second
case is recessed down to 6.3 nm and etched with plasma for
450 s. As shown in FIGS. 4a and 4b, the difference in
sensitivity between the two structures was found to be
almost 10° times in the favour of the recessed structure.
[0059] In addition to the recessed or grown top barrier
layer thickness, roughness of the barrier layer surface is
another very important parameter that has not been previ-
ously disclosed. It has been surprisingly found that that the
roughness of the top AlGaN barrier layer surface (in the
open gate sensitive area) bellow 0.2 nm prevents scattering
of the donor-like surface trap states. Thus, combination of
these two features: 5-9 nm thickness of the top AlGaN
barrier layer in the open gate area and strongly reduced
roughness of its surface make the sensor incredibly sensi-
tive.

[0060] In a further aspect, the hetero-junction structure
may be a three-layer structure consisting of two buffer layers
and one barrier layer squeezed between said buffer layers
like in a sandwich, wherein the top layer is a buffer layer.
This may lead to formation of the two-dimensional hole gas
(2DHG) in the top buffer layer above the barrier layer which
results in reversing polarity of the transistor compared to the
two-layer structure discussed above.

[0061] In general, polarity of I1I-V nitride semiconductor
materials strongly affects the performance of the transistors
based on these semiconductors. The quality of the wurtzite
GaN materials can be varied by their polarity, because both
the incorporation of impurities and the formation of defects
are related to the growth mechanism, which in turn depends
on surface polarity. The occurrence of the 2DEG/2DHG and
the optical properties of the hetero-junction structures of
nitride-based materials are influenced by the internal field
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effects caused by spontaneous and piezo-electric polariza-
tions. Devices in all of the III-V nitride materials are
fabricated on polar {0001} surfaces. Consequently, their
characteristics depend on whether the GaN layers exhibit
Ga-face positive polarity or N-face negative polarity. In
other words, as a result of the wurtzite GaN materials
polarity, any GaN layer has two surfaces with different
polarities, a Ga-polar surface and an N-polar surface. A
Ga-polar surface is defined herein as a surface terminating
on a layer of Ga atoms, each of which has one unoccupied
bond normal to the surface. Each surface Ga atom is bonded
to three N atoms in the direction away from the surface. In
contrast, an N-polar surface is defined as a surface termi-
nating on a layer of N atoms, each of which has one
unoccupied bond normal to the surface. Each surface N atom
is also bonded to three Ga atoms in the direction away from
the surface. Thus, the N-face polarity structures have the
reverse polarity to the Ga-face polarity structures.

[0062] As described above for the two-layer heterojunc-
tion structure, the barrier layer is always placed on top of the
buffer layer. The layer which is therefore recessed is the
barrier layer, specifically the AlGaN layer. As a result, since
the 2DEG is used as the conducting channel and this
conducting channel is located slightly below the barrier
layer (in a thicker region of the GaN buffer layer), the
hetero-junction structure is grown along the {0001 }-direc-
tion or, in other words, with the Ga-face polarity. However,
as explained above, the physical mechanism that leads to the
formation of the 2DEG is a polarisation discontinuity at the
AlGaN/GaN interface, reflected by the formation of the
polarisation-induced fixed interface charges that attract free
carriers to form a two-dimensional carrier gas. It is a positive
polarisation charge at the AlGaN/GaN interface that attracts
electrons to form 2DEG in the GaN layer slightly below this
interface.

[0063] As noted above, polarity of the interface charges
depends on the crystal lattice orientation of the hetero-
Junction structure, i.e. Ga-face versus N-face polarity, and
the position of the respective AlGaN/GaN interface in the
hetero-junction structure (above or below the interface).
Therefore, different types of the accumulated carriers can be
present in the hetero-junction structure of the embodiments.
[0064] In case of the three-layer hetero-junction structure,
there are four possible configurations:

Ga Face Polarity

[0065] 1) The Ga-face polarity is characterised by the
2DEG formation in the GaN layer below the AlGaN barrier
layer. This is actually the same two-layer configuration as
described above, but with addition of the top GaN layer. In
this configuration, the AlGaN barrier layer and two GaN
buffer layers must be nominally undoped or n-type doped.
2) In another Ga-face configuration shown in FIG. 5a, in
order to form the conducting channel comprising a two-
dimensional hole gas (2DHG) in the top GaN layer above
the AlGaN barrier layer in the configuration, the AlGaN
barrier layer should be p-type doped (for example, with Mg
or Be as an acceptor) and the GaN buffer layer should be also
p-type doped with Mg, Be or intrinsic.

N-Face Polarity

[0066] 3) The N-face polarity is characterised by the
2DEG formation in the top GaN layer above the AlGaN
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barrier layer, as shown in FIG. 54. In this case, the AlGaN
barrier layer and two GaN buffer layers must be nominally
undoped or n-type doped.

4) The last configuration assumes that the 2DHG conducting
channel is formed in the buffer GaN layer below the AlGaN
barrier layer. The top GaN layer may be present (three-layer
structure) or not (two-layer structure) in this case. The
AlGaN barrier layer must be p-type doped (for example,
with Mg or Be as an acceptor) and the bottom GaN layer
should be also p-type doped with Mg, Be or intrinsic.
[0067] Thus, there are four hetero-junction three-layer
structures implemented in the transistor of the embodiments,
based on the above configurations:

A. Ga-Face GaN/AlGaN/GaN heterostructure with the
2DEG formed in the GaN buffer layer below the AlGaN
barrier layer. In this case, the top GaN layer may be omitted
to obtain the two-layer structure. For the three-layer struc-
ture, the top GaN layer must be recessed to 1-9 nm thickness
in the open gate area or grown with this low thickness, with
the roughness below 0.2 nm, and the thickness of the AlGaN
barrier can be adjusted properly during growth.

B. Ga-Face GaN/AlGaN/GaN heterostructure with the
2DHG conducting channel formed in the top GaN layer
above the AlGaN barrier layer. The top GaN layer must be
recessed to 5-9 nm thickness in the open gate area with the
roughness below 0.2 nm, and the thickness of the AlGaN
barrier layer can be adjusted properly. P-type doping con-
centrations of the GaN layer and AlGaN barrier have to be
adjusted; the 2DHG has to be contacted (in the ideal case by
ohmic contacts).

C. N-Face GaN/AlGaN/GaN heterostructure with the 2DEG
in the top GaN layer above the AlGaN barrier layer. The top
GaN layer must be recessed to 5-9 nm thickness in the open
gate area with the roughness below 0.2 nm Thickness of the
AlGaN barrier can be adjusted during growth. N-type dop-
ing levels of the GaN buffer layer and the AlGaN barrier
layer must be adjusted; the 2DEG has to be contacted (in the
ideal case by ohmic contacts).

D. N-Face GaN/AlGaN/GaN heterostructure with the 2DHG
in the GaN buffer layer below the AlGaN barrier layer. In
this case, the top GaN layer may be omitted to obtain the
two-layer structure. In both, the two-layer and three-layer
configurations, the top GaN layer must be recessed to 1-9
nm thickness in the open gate area with the roughness below
0.2 nm, and the thickness of the AlGaN barrier can be
adjusted properly.

[0068] 1In all the above structures, the deposition of a
dielectric layer on top might be beneficial or even necessary
to obtain a better confinement (as in case of the N-face
structures). As shown in FIG. 6, for the above “C” structure,
it may be even more beneficial to include an ultrathin (about
1 nm) AIN or AlGaN barrier layer with high Al-content on
top of the 2DEG channel to improve the confinement.
[0069] The preferable structures of the embodiments are
structures “B” and “C”. In the structure “B”, the 2DHG
conducting channel formed in the top GaN layer, which has
a higher chemical stability (particularly towards surface
oxidation) than the AlGaN layer. Concerning the structure
“C”, the 2DEG conducting channel might be closer to the
surface. Therefore, the electron mobility might be lower
than in the 2DEG structure with the Ga-face polarity. In
general, the polarity of the heterostructure can be adjusted
by the choice of the substrate (e.g. C-face SiC) or by the
growth conditions.



US 2019/0239805 A1

[0070] Another important feature of the sensor of the
present application is that an electrical connection of the
heterojunction structure to the 2DEG or 2DHG channel is
realised via capacitive coupling to the electrical metalliza-
tions through a Schottky barrier contact. “Capacitive cou-
pling” is defined as an energy transfer within the same
electric circuit or between different electric circuits by
means of displacement currents induced by existing electric
fields between circuit/s nodes. In general, ohmic contacts are
the contacts that follow Ohm’s law, meaning that the current
flowing through them is directly proportional to the voltage.
Non-ohmic contacts however do not follow the same linear
relationship of the Ohm’s law. In other words, electric
current passing through non-ohmic contacts is not linearly
proportional to voltage. Instead, it gives a steep curve with
an increasing gradient, since the resistance in that case
increases as the electric current increases, resulting in
increase of the voltage across non-ohmic contacts. This is
because electrons carry more energy, and when they collide
with atoms in the conducting channel, they transfer more
energy creating new high-energy vibrational states, thereby
increasing resistance and temperature.

[0071] When electrical metallizations are placed over
single-crystalline or polycrystalline semiconductor material,
the “Schottky contact” or “Schottky barrier contact”
between the metal and the semiconductor occurs. Energy of
this contact is covered by the Schottky-Mott rule, which
predicts the energy barrier between a metal and a semicon-
ductor to be proportional to the difference of the metal-
vacuum work function and the semiconductor-vacuum elec-
tron affinity. However, this is an ideal theoretical behaviour,
while in reality most interfaces between a metal and a
semiconductor follow this rule only to some degree. The
boundary of a semiconductor crystal abrupt by a metal
creates new electron states within its band gap. These new
electron states induced by a metal and their occupation push
the centre of the band gap to the Fermi level. This phenom-
enon of shifting the centre of the band gap to the Fermi level
as a result of a metal-semiconductor contact is defined as
“Fermi level pinning”, which differs from one semiconduc-
tor to another. If the Fermi level is energetically far from the
band edge, the Schottky contact would preferably be
formed. However, if the Fermi level is close to the band
edge, an ohmic contact would preferably be formed. The
Schottky barrier contact is a rectifying non-ohmic contact,
which in reality is almost independent of the semi-conductor
or metal work functions.

[0072] Thus, a non-ohmic contact allows electric current
to flow only in one direction with a non-linear current-
voltage curve that looks like that of a diode. On the contrary,
an ohmic contact allows electric current to flow in both
directions roughly equally within normal device operation
range, with an almost linear current-voltage relationship that
comes close to that of a resistor (hence, “ohmic”).

[0073] Since the source and drain contacts are non-ohmic
(i.e. capacitively-coupled), the DC readout cannot be carried
out. To electrically contact the 2DEG/2DHG channel under-
neath, about 5-20 nm bellow the metallizations, the AC-
frequency regime must be used. In other words, the AC
readout or impedance measurements of the electric current
flowing through the 2DEG/2DHG-channel should be per-
formed in this particular case. The capacitive coupling of the
non-ohmic metal contacts with the 2DEG/2DHG channel
becomes possible only if sufficiently high AC frequency,
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higher than 30 kHz, is applied to the metallizations. To sum
up, the electrical metallizations, which are capacitively
coupled to the 2DEG/2DHG channel utilise the known
phenomenon of energy transfer by displacement currents.
These displacement currents are induced by existing elec-
trical fields between the electrical metallizations and the
2DEG/2DHG conducting channel operated in the AC fre-
quency mode through the Schottky contact as explained
above.

[0074] Surface acoustic wave (SAW) resonators are a
class of MEMS based on the modulation of surface acoustic
waves. The detection mechanism for SAW resonators uti-
lizes changes in the amplitude, velocity, or phase of a SAW
propagating along the substrate due to changes to the
characteristics of the propagation path. In general, the
energy of the SAW is normally concentrated in a surface
region with a thickness of less than 1.5 times its wavelength.
Therefore, the SAW resonator is extremely sensitive to its
environment.

[0075] The principle of the inter-digitated transducer
(IDT)-based SAW sensor is shown in FIGS. 7a-7¢. A pair of
IDTs, fabricated on the GaN/AlGaN substrate, serves as
input and output ports of the signals. Fabrication of the SAW
sensors comprises material selection, patterning, dicing,
functionalisation and final packaging.

[0076] In general, the SAW sensors are designed by
choosing the desired frequency and bandwidth of operation.
The SAW can be expressed as a complex value y=o+if},
wherein the attenuation constant o. and propagation constant
(=2snt/A are important design parameters of the SAW sensor
(M is the acoustic wavelength). Another important design
parameter is the electromechanical coupling coefficient K>,
which is a measure of the efficiency for converting an
applying microwave signal into mechanical energy. These
parameters will determine the magnitude of the observed
changes in the SAW phase velocity and attenuation of the
SAW intensity.

[0077] As shown in FIGS. 7b-7¢, the operation frequency
of the SAW sensor f;, can be chosen by properly choosing the
inter-digital finger spacing d such that f;=v/d, where v is the
wave propagation velocity in the specific substrate. Conse-
quently, the dimensions of the designed SAW sensor depend
on the chosen operating frequency, which can vary from a
micrometre for 1-10 GHz to millimetres for kHz-MHz
operation. SAW sensors operating in the GHz range can be
readily designed and easily integrated with RF, the diverse
MMIC, and the micro-strip circuits for low power wireless
remote sensing. The bandwidth of the acoustic wave is given
by B=v/2Nd, where N is number of inter-digital fingers, as
shown in FIG. 7b.

[0078] The aforementioned GaN/AlGaN-based systems
are almost ideal materials for the SAW sensors due to their
high SAW propagation velocity of about 4000 m/s, high
electromechanical coupling coeflicients, and their compat-
ibility with the RF electronic integration. These materials
also show excellent resistance to humidity and chemical
etching. The GaN/AlGaN heterostructures described above
exhibit a strong piezoelectric effect and have been used to
fabricate the ultra-sensitive SAW-microbalances, exploiting
the influence of mass accumulation on the SAW propaga-
tion. The high electromechanical coupling coeflicients of the
GaN/AlGaN substrate (K*_,~0.001-0.002), in combination
with the low acoustic loss and SAW high velocity, enable
their use in high-frequency and diverse low-loss RF appli-
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cations. Therefore, the GaN/AlGaN-based SAW resonators
and sensors operating up to the 10 GHz range can be
designed and integrated with any wireless remote sensing
applications.

[0079] Thus, using the GaN/AlGaN heterostructure as the
piezoelectric substrate for the SAW sensors may result in a
considerable improvement of the detection limit and in a
high selectivity. This is a result of the 2DEG/2DHG’s
sensitivity to any proximal surface charge and a high mass
sensitivity, as explained above. Thus, the GaN/AlGaN het-
ero-structures and Schottky diodes can be integrated with a
SAW sensor to create a rather unique resonant SAW tuning
device with low acoustic loss, low loss RF performance and
high frequency. The 2DEG/2DHG in a GaN/AlGaN struc-
ture and in a SAW propagation path interacts with the lateral
electric field, resulting in ohmic loss, which attenuates and
slows the SAW. This mechanism can be used to tune the
SAW propagation velocity.

[0080] However, to combine the 2DEG/2DHG with the
SAW achieving a maximal sensory effectiveness, some
physical aspects must be taken into account. The actual
functional combination of the 2DEG/2DHG with the SAW
requires complete or partial removal, depletion or appropri-
ate patterning of the 2DEG/2DHG in the quantum-well
channel in the acoustic wave propagation region. The high
charge conductivity in the conducting 2DEG/2DHG channel
can screen the electric field and reduce the acousto-electric
transductions in the IDTs.

[0081] The metallic IDTs introduce inherent mass loading
effects and triple-transit-interference (TTI), reducing the
signal-to-noise ratio. In conventional SAW sensors, the
average SAW propagation velocity under the metallic IDTs
will be reduced from the free-surface value and will result in
a reduction of its centre frequency with an increased ampli-
tude and phase rippling across the bandpass due to signal
reflection from the metallic IDTs.

[0082] The aforementioned problems can be actually over-
come by using the 2DEG- or 2DHG-based IDT fingers
whilst also increasing the sensor sensitivity. The radio-
frequency (RF) characteristics of the SAW device with
planar 2DEG/2DHG IDTs are nearly equal to those using
metallic IDTs with Schottky contact. Moreover, mass-load-
ing effects and the TTI are suppressed when using the
2DEG/2DHG-based transducers instead of metallic IDTs.
Also, the detection area of the SAW sensor or resonator can
be right on top of the planar 2DEG/2DHG IDTs rather than
in a separate SAW propagation area in between the IDTs.
FIG. 8 schematically shows a sensor with 2DEG/2DHG
IDTs on a GaN/AlGaN heterostructure.

[0083] In general, when metallic IDTs are placed on
microcrystalline semiconductor material, the Schottky con-
tact is formed between the metal and the semiconductor, as
explained above (regarding non-ohmic contacts). Consider-
ing the charge sensitivity mechanism in 2DEG/2DHG-based
SAW, other charge sensitive 2DEG/2DHG areas can be
added that operate in either the resonant centre frequency or
in other resonant modes. These additional patterned 2DEG/
2DHG areas will further enhance the resonant changes in the
main SAW sensor through their charge gating. By studying
the different signal shapes for different resonant modes, a
selective sensing can be introduced. Besides the charge
sensitive 2DEG/2DHG IDTs, other functional 2DEG/
2DHG-elements, such as, for example, a 2DEG/2DHG-
Schottky diode and a 2DEG/2DHG-planar non-symmetrical
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diode, nanowires and high electron mobility transistors can
be placed between and connected with input and output IDTs
operating in a resonant filter mode, as illustrated in the FIG.
8. The electrical characteristics of such functional elements
are modulated due to acoustoelectric transduction, which is
time correlated (synchronized with IDTs). This results in a
minimal electric loss and a specified signal shape for the
SAW resonance. Through the electrostatic field gating, for
example by redox processes occurring on the surface, this
resonant SAW filter mode is easily affected (frequency,
amplitude).

[0084] Thus, due to its piezoelectric nature, the AlGaN/
GaN heterojunction structure can be successfully used as
SAW sensors on the free standing AlGaN/GAN membrane.
The use of the 2DEG/2DHG-based sensors within the SAW
configuration enables a combination of ultrahigh sensitivity
with excellent signal stability. It is well-known, that the
SAW sensors are very sensitive to surface charges in the
SAW propagation path between emitter and receiver finger-
electrodes or IDTs. In addition, the SAW sensors have a very
high Q-factor at the resonant frequency. The 2DEG/2DHG-
based sensors increase an evanescent near-field acoustoelec-
tric effect through the 2DEG/2DHG-density charge-respon-
sivity following by drastic increase of sensitivity to proximal
electrical charges. Moreover, the SAW sensors can be easily
powered by an RF field with the corresponding frequency
having an appropriate meander-based antenna. The SAW
sensor offers the intrinsic RFID integration by using the
orthogonal frequency coding.

[0085] There is a large functional diversity of the 2DEG/
2DHG-SAW RFID sensor topologies and layouts. The aim
of the 2DEG/2DHG-SAW sensor topology is to achieve a
largest influence of the SAW-transducer S21-transfer param-
eter without sacrificing the sensor stability. The basic topol-
ogy of the sensor of the present invention is schematically
shown in FIG. 9. Blue lines in FIG. 9 are assigned to metal
structures, such as metal IDTs (100), light green lines
represent regular 2DEG/2DHG structures (101) (normally-
on or normally-off HEMT-like structures), which are not
pseudo-conducting (according to the definition), black lines
show pseudo-conducting 2DEG/2DHG structures (or PC-
HEMT-like structures) (102), and orange area stands for the
AlGaN/GaN-substrate (103).

[0086] Thus, in one aspect, the SAW RFID sensor chip of
the present application comptises:

[0087] a piezoelectric substrate (103), said substrate com-
prising a piezoelectric layer and a multilayer heterojunction
structure, said structure being made of I1I-V single-crystal-
line or polycrystalline semiconductor materials, deposited
on said piezoelectric layer and comprising at least one buffer
layer and at least one barrier layer, said layers being stacked
alternately;

[0088] at least one pair of metal interdigitated transducers
(IDT) (100) mounted on said piezoelectric substrate (103),
for receiving a radio frequency (RF) input signal, transduc-
ing said input signal into a surface acoustic wave (SAW),
propagating said surface acoustic wave along a surface of
said piezoelectric substrate (103) and transducing said
propagated surface acoustic wave into an output RF signal;
[0089] at least one normally-on or normally-off HEMT-
like structure (101) deposited on said piezoelectric substrate
(103) for forming a normally-on or normally-off 2DEG or
2DHG conducting channel in said heterojunction structure at
the interface between said buffer layer and said barrier layer;
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[0090] at least one PC-HEMT-like structure (102) depos-
ited on said piezoelectric substrate (103) for forming the
pseudo-conducting 2DEG or 2DHG channel in said hetero-
junction structure at the interface between said buffer layer
and said barrier layer; and

[0091] electrical metallizations (not shown in the figure)
capacitively-coupled to said IDTs (100) and to said HEMT-
like structures (101) and/or PC-HEMT-like structures (102)
for inducing displacement currents, thereby creating non-
ohmic source and drain contacts, for connecting said sensor
chip to an electric circuit.

[0092] Theblue IDT structures (100) receive the RF signal
of about 0.5-2.5 GHz and exhibit the piezoelectric effect
creating acoustic waves over the surface of the resonator.
These surface acoustic waves propagate along the substrate
with constructive interference from both input and output
IDTs. The regular 2DEG/2DHG structures (101) are placed
and patterned (connected) in such a manner as to electrically
shortcut the positive and negative electric charges from
running the SAW and to thereby considerably change or
minimize the amplitude of the signal received on both IDTs
via the direct piezoelectric effect. A metal gate electrode
(104), which is connected to a body single point, is placed
in such a manner as to exhibit the gating effect on the
2DEG/2DHG conducting channel of the AlGaN/GaN struc-
tures. To increase the gating effect, the areas under the
metallic gate are recessed to pseudo-conducting state. By
gating such 2DEG/2DHG structure, the electrical connec-
tion is interrupted via the body negative charges (mainly
negative via the natural electrostatics). If the electrical
connection within the 2DEG/2DHG structures is inter-
rupted, then the parasitic effect of shortcutting SAW charges
1s no longer present, that changes the S21 transfer parameter,
which is measured as the amplitude change on the receiver
antenna device (could be a smart phone NFC chip).
[0093] FIG. 10 illustrates another basic topographic
2DEG/2DHG-SAW sensor chip configuration. The intercon-
nection is integrated to supply the IDT (100) with the
radio-frequency power. On the left, the PC-HEMT-like
structure contains a major pseudo-conducting 2DEG/2DHG
part (102) along with normal (non-recessed) 2DEG/2DHG
part (103) to maintain a minimum SAW S21 stability.
Capacitively-coupled contacts (105) are represented by the
red line. In this configuration, the maximal sensitivity is
achieved with the maximal influence on the S21 transfer
parameter by the single-point body charge. This is in turn
achieved through the additional gating of the RF antenna
power line for the IDT by means of the same gate electrode
connected to the single body point.

[0094] FIG. 11 shows still another configuration of the
2DEG/2DHG-SAW sensor chip of an embodiment of the
present application. In this configuration, the meander
antenna parts for the signal and ground charge are separated
by counter shortcutting each other via the parasitic 2DEG/
2DHG lines (103) at the top and at the bottom of the shown
layout. These lines are gated on the pseudo-conducting
2DEG/2DHG areas (102) by the gate electrode (104), which
is in turn connected to a single body point (always negative).
During this gating, the parasitic 2DEG/2DHG lines (103)
are interrupted enabling the large increase of the S21 transfer
parameter. The gating dynamics directly represents the final
S21 amplitude dynamics and relates to the hemodynamic
cardiovascular and pulmonary activity measured at the
single body point.
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[0095] The last exemplary configuration of an embodi-
ment is shown in FIG. 12. In this simplest configuration, the
pseudo-conducting 2DEG/2DHG area (102) is covering all
the emitter-receiver IDTs area and is optionally connected
via the non-ohmic contacts (105) to the gate electrode (104),
which is in turn connected to the IDTs (100). The negative
charge from a body will gate (deplete) the pseudo-conduct-
ing 2DEG/2DHG area (102), which is located beneath the
Schottky metal surfaces, thereby minimising the parasitic
shortcutting effect and tremendously increasing the influ-
ence on the S21 transfer parameter.

[0096] In all above configurations, the substrate (101)
comprises a suitable material for forming the barrier layer
and is composed, for example, of sapphire, silicon, silicon
carbide, gallium nitride or aluminium nitride. The AlGaN/
GaN heterojunction structure is deposited on this substrate
layer, for example, by a method of metalorganic chemical
vapour deposition (MOCVD). The non-recessed 2DEG/
2DHG structures (103) are created in a close proximity to
the interface between the GaN buffer layer and the AlGaN
barrier layer. The specific thickness of the AlGaN barrier
layer in the open gate area is achieved by either dry etching
the semiconductor material of the layer, i.e. recessing layer
in the open gate area with the etching rate of 1 nm per 1-2
min in a controllable process, or coating the AlGaN buffer
layer with an ultrathin layer of the AlGaN semiconductor
material. In order to increase the charge sensitivity of the
sensor, the surface of the recessed ultrathin AlGaN layer is
post-treated with plasma (chloride) epi-etch process. Con-
sequently, the natively passivated surface is activated by the
plasma etch to create an uncompensated (i.e. ionised) sur-
face energy bonds or states, which are neutralized after the
MOCVD growing.

[0097] The barrier layer then may be either recessed or
grown as a thin layer to get the recessed 2DEG/2DHG
structure (102). For example, the 2DEG channel formed at
the interface between the buffer GaN layer and the barrier
AlGaN layer serves as a main sensitive element of the sensor
reacting to a surface charge and potential in the open gate
area. The 2DEG channel is configured to interact with very
small variations in surface or proximal charge or changes of
electrical field as a result of the SAW creating a piezoelectric
effect, and thereby, interacting with the donor-like surface
trap states of the AlGaN barrier layer.

[0098] FIG. 13 schematically shows a wearable device or
gadget of the invention based on the zero-power SAW RFID
sensor chip for remote readout, comprising the following
components:

the SAW sensor chip (120) of the application, inserted in a
wearable (gadget) frame and connected via contacts (123) to
an electric circuit (122);

one or two out-input SAW-RFID zero-power fractal anten-
nas (130), each connected to said contacts (123) via the
electric circuit (122) for receiving or transmitting a signal;

an output-input separation by delay line SAW transducer
(118);
an integrated circuit (112) for storing and processing said
signal, and for modulating and demodulating a radio-fre-
quency (RF) signals, said circuit comprising:
[0099] a) a voltage source (114) supplying electric
current to said SAW sensor chip (120) and to said one
or two antennas (130);
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[0100] b) an integrated or CMOS current amplifier
(115) for amplification of an electric current obtained
from said SAW sensor chip (120);

[0101] c¢) an analogue-to-digital converter (ADC) with
wireless input/output modules (116) connected to said
current amplifier (115) for wireless outputting the con-
verted signal to a user interface or external memory;

[0102] d) a microcontroller unit (MCU) (113) for pro-
cessing and converting the received signal into data
readable in said user interface or external memory; and

[0103] e) a wireless connection module (117) for wire-
less connection of said sensor to said user interface or
external memory.

[0104] The voltage source (114) can be any suitable and
commercially available battery of the Li-ion type or any
energy harvester with AC-DC or DC-DC converters. The
ADC card (116) is any suitable analogue-to-digital converter
data logger card that can be purchased, for example, from
National Instruments® or LabJack®. The current amplifier
(115) is connected in-line and can be any commercially
available femtoampere amplifier, for example SRS® SR570,
DLPVA-100-F-S, FEMTO® current amplifier DDPCA-300
or Texas Instruments® INA826EVM. Optionally, a current
amplifier can be operated directly with current flowing via
the 2DEG channel of the 2DEG structures into the amplifier
with small input resistance of 1IMQ at gain higher than 10*
and only 1€ at gains lower than 200. This setup may directly
amplify the electric current modulation in the 2DEG channel
originated from an external body charges. All readout com-
ponents are battery powered to avoid ground loop parasitic
current.

[0105] In a specific embodiment, the wireless connection
module (117) can be a short-range Bluetooth or NFC pro-
viding wireless communication between the wearable
device or gadget and a smartphone for up to 20 m. If this
module is WiFi, the connection can be established with a
network for up to 200 nm, while GSM allows the worldwide
communication to a hemodynamic monitoring cloud or
medical-diagnostic  telemedicine cloud. The external
memory may be a mobile device (such as a smartphone),
desktop computer, server, remote storage, internet storage,
hemodynamic monitoring cloud or medical-diagnostic tele-
medicine cloud.

[0106] In a further aspect of the present application, the
sensor chip can be inserted in a wearable object or gadget,
such as a bracelet, a ring, a neckband, a necklace, a pedant,
an armband, a wristband or a clip on earring, applied to any
available sensing point on user’s body (arms, forearms,
wrists, palms, fingers, earlobes, chest or neck). In a particu-
lar embodiment, the sensor of the application can be used for
hemodynamic monitoring from any single point on a user’s
body and specifically from the wrist.

[0107] As shown in the present application, some embodi-
ments of the sensors of the present application can be used
in the hemodynamic monitoring, i.e. detecting, measuring
and monitoring the cardiac signals and central venous pres-
sure. Some embodiments of the sensors of the present
application are also capable of recording a phonocardio-
gram. They are also capable of breath monitoring and lung
activity diagnostics and hence, can be used in pulmonary
and respiratory related applications.

[0108] In some embodiments, the wearable device of and
the system of the present application can be used for portable
long-time-operation solution within a health, fitness and
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remote telemedicine cloud-based diagnostics. Since the
device is used in a hemodynamic monitoring, it should have
a very small power consumption saving the battery life for
a prolong usage. In this case, the ohmic contacts of the
sensor chip can be replaced with non-ohmic high-resistive
contacts capacitively connecting the chip to an electric
circuit. The non-ohmic contacts actually limit an electric
current flowing through the 2DEG/2DHG channel by having
an electrical resistance 3-4 times higher than the resistance
of the 2DEG/2DHG-channel, thereby reducing electrical
power consumption without sacrificing sensitivity and func-
tionality of the sensor. Thus, the use of non-ohmic contacts
in some embodiments of the sensor of the present applica-
tion is a hardware solution allowing to minimise the power
consumption of the device. In another embodiment, the
power consumption of the device can be minimised using a
software algorithm managing the necessary recording time
of the sensor and a battery saver mode, which limits the
background data and switches the wireless connection only
when it is needed.

[0109] In still another embodiment, FIG. 14 schematically
shows an optoelectronic sensor of the invention for remote
readout comprising the following components:

the SAW sensor chip (120) of the application connected to
an electric circuit;

a modulated light source (125), such as a surface-mounted-
device light-emitting diode (SMD LED) or UV-VIS-IR laser
diode, for irradiating the AlGaN barrier layer surface of the
pseudo-conducting 2DEG structure (126) on the sensor chip;
optocoupler switches (124) for coupling said modulated
light source (125) with said pseudo-conducting 2DEG struc-
ture (126) on the sensor chip;

a voltage source (104) connected to said electrical circuit for
supplying electric current to said SAW sensor chip (120);
a lock-in amplifier (119) connected to said voltage source
(104) for amplification of a signal with a known carrier wave
obtained from said SAW sensor chip and increasing the
signal-to-noise ratio; and

an analogue-to-digital converter (ADC) with in-built digital
input/output card (106) connected to said lock-in amplifier
(119) for outputting the converted signal to a user interface.
[0110] Alternatively, the SAW sensor may be based on a
piezoelectric electro-optical crystal transducer (EOC) com-
bined with the pseudo-conducting 2DEG-based structure for
hemodynamic monitoring. The SAW device based on the
EOC piezoelectric substrate exhibits the highest coupling
between electrical and mechanical energy compared to all
other varieties of substrates. Additionally, such a substrate
also has the advantages of having a high velocity-shift
coeflicient and a very high electromechanical coupling coef-
ficient, K2, which yields a greater mass sensitivity in com-
parison with the same regular SAW device on any other
piezoelectric substrates. The EOC may be any suitable
electro-optical crystalline material such as LiNbQO;, which is
brought into a physical contact with a single point on a
user’s body. The EOC is then illuminated with a polarised
light. In case of the LiNbO; crystalline material, the wave-
length of the polarised light is about 400-600 nm. Modulated
light from the light source illuminates the EOC, and then
falls on the 2DEG/2DHG-based structure. The 2DEG/
2DHG-based structure is extremely sensitive to an incident
light creating the p-n-pairs in the AlGaN barrier layer and
consequently, strongly affecting the 2DEG/2DHG-conduc-
tivity. In general, irradiation of the 2DEG/2DHG-based
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structure with light switches the 2DEG/2DHG-channel from
normally-off to a pseudo-conducting or normally-on state.
Therefore, by contact with a body, the FOC is capable of
changing its light absorbance strongly affecting the electrical
current flow in the 2DEG/2DHG channel, thereby resolving
any smallest light intensity changes coming from the EOC
transducer.

[0111] Due to the fact that hemodynamic signals are
relatively slow and take time to be registered, the SAW
sensor of an embodiment is able to track all the hemody-
namics. By means of using the EOC-based configuration it
is possible to fully decouple the conducting 2DEG/2DHG
structure from any parasitic electrical charge coming from
the human body. Depending on the excitation light wave-
length, the position of the sensor relative to the incident light
beam can be changed. For instance, in case of IR light
(700-1500 nm), the sensor should be placed perpendicularly
to the light beam for achieving the highest sensitivity. The
parasitic charging of the EOC is compensated via the
electrodes attached to the crystal. Additionally a variety of
light filters in front of the sensor can be utilised.

[0112] Thus, the use of the SAW-EOC configuration
makes it possible to drastically increase the sensitivity of the
sensor to an electrical charge, to discharge the EOC via the
SAW-based charge transport along the crystal surface, to
efficiently modulate polarised light from the light source and
to control the SAW delay line effect with the phase velocity
signal. The opto-coupler switches (124) couples the pseudo-
conducting 2DEG-based structure (126) with the SAW-EOC
such that the initial SAW actuation signals at the emitter
(left) IDT electrodes are synchronised with the modulated
light source (125) and with the V5 at the pseudo-conduct-
ing 2DEG/2DHG-based structure. A signal at the receiver
(right) IDT electrodes is coupled back to the V¢ via the
opto-coupler (124), which is brought into a resonance with
initial signals and with the light source (125) modulation.
Due to a physical galvanic connection of the SAW-EOC
with the body single point by spatially patterned electrodes,
the EOC changes its light absorption and modulation prop-
erties. This strongly affects the resonant mode of the five
initial signal sources (V,g, emitter IDT, light source,
receiver IDT and SAW-modulated light source). Thus,
because of the light source-based interaction, the resonant
system becomes very stable and also very sensitive to
external charges.

[0113] In some embodiments, a method for hemodynamic
monitoring of a user comprises the following steps:

[0114] 1) Applying the wearable device of the embodi-
ments to a user’s body;

[0115] 2) Recording signals received from the user’s body
in a form of a S21-transfer parameter dynamics of the device
over time (defined as S21-transfer dynamics) with said
device;

[0116] 3) Transmitting the recorded signals from said
device to the external memory for further processing; and

[0117] 4) Converting the transmitted signals to digital
signals and processing the digital signals in the external
memory, correlating said S21-transfer dynamics with pre-
calibrated electrocardiogram and central venous pressure
waveforms stored in the external memory, and extracting the
user’s cardiac signals and central venous pressure from said
waveforms in a form of readable medical data, thereby
providing hemodynamic medical information.
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[0118] The S21-transfer dynamics may be further corre-
lated with phonocardiogram waveforms stored in the exter-
nal memory, thereby providing additional hemodynamic
information on breath and lung activity relating to pulmo-
nary and respiratory systems.

[0119] While certain features of the present application
have been illustrated and described herein, many modifica-
tions, substitutions, changes, and equivalents will be appar-
ent to those of ordinary skill in the art. It is, therefore, to be
understood that the appended claims are intended to cover
all such modifications and changes as fall within the true
spirit of the present application.

1. A surface acoustic wave (SAW) radio-frequency iden-
tification (RFID) sensor chip comprising:

a piezoelectric substrate, said substrate comprising a
piezoelectric layer and a multilayer heterojunction
structure, said structure being made of III-V single-
crystalline or polycrystalline semiconductor layers,
deposited on said piezoelectric layer and comprising at
least one buffer layer and at least one barrier layer, said
layers being stacked alternately;

at least one pair of metal interdigitated transducers (IDT)
mounted on said piezoelectric substrate, for receiving a
radio frequency (RF) input signal, transducing said
input signal into a surface acoustic wave (SAW), propa-
gating said surface acoustic wave along a surface of
said piezoelectric substrate and transducing said propa-
gated surface acoustic wave into an output RF signal;

at least one normally-on or normally-off two-dimensional
electron gas (2DEG) or two-dimensional hole gas
(2DHG) structure grown or recessed in said multilayer
heterojunction structure on said piezoelectric substrate
to form a normally-on or normally-off 2DEG or 2DHG
conducting channel in said multilayer heterojunction
structure at the interface between said buffer layer and
said barrier layer;

at least one pseudo-conducting 2DEG or 2DHG structure
deposited grown or recessed in said multilayer hetero-
Junction structure on said piezoelectric substrate to
form a pseudo-conducting 2DEG or 2DHG channel in
said multilayer heterojunction structure at the interface
between said buffer layer and said barrier layer; and

electrical metallizations capacitively-coupled to said
IDTs, to said normally-on or normally-off 2DEG or
2DHG structures and to said pseudo-conducting 2DEG
or 2DHG structures for inducing displacement currents,
thereby creating non-chmic source and drain contacts,
for connecting said sensor chip to an electric circuit.

2. The SAW RFID sensor chip of claim 1, wherein said
piezoelectric layer is made of zinc oxide, sapphire, alu-
minium nitride, lithium tantalate, lithium niobate, potassium
niobate, lanthanum gallium silicate, silica, silicon carbide or
quartz.

3.-5. (canceled)

6. (Currently) The SAW RFID sensor chip of claim 1,
wherein said I1I-V single-crystalline or polycrystalline semi-
conductor materials are selected from GaN/AlGaN, GaN/
AIN, GaN/InN, GaN/InAIN, InN/InAIN, GaN/InAlGaN,
GaAs/AlGaAs and LaAlO,/SrTiO,.

7. (canceled)

8. The SAW RFID sensor chip of claim 1, wherein said
multilayer heterojunction structure contains one GaN buffer
layer at the bottom and one AlGaN barrier layer at the top,
said AlGaN barrier layer having (i) thickness of 5-9 nano-
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metres (nm), corresponding to the pseudo-conducting cur-
rent range between the normally-on and normally-off opera-
tion mode of the formed 2DEG channel, and (ii) surface
roughness of 0.2 nm or less.

9. The SAW RFID sensor chip of claim 8, wherein the
thickness of the AlGaN barrier layer is 6-7 nm, preferably
6.2-6.4 nm, and the surface roughness of said AlGaN barrier
layer is about 0.1 nm or less, preferably about 0.05 nm or
less.

10. (canceled)

11. The SAW RFID sensor chip of claim 1, wherein said
multilayer heterojunction structure is sandwich-like contain-
ing one GaN buffer layer at the top, one GaN buffer layer at
the bottom and one AlGaN barrier layer in between, said
2DEG conducting channel being formed in the top GaN
buffer layer above the AlGaN barrier layer, close to the
interface between said top GaN buffer layer and said AlGaN
barrier layer, thereby resulting in the N-face polarity of said
structure, said top GaN buffer layer having (i) thickness of
5-9 nanometres (nm), corresponding to the pseudo-conduct-
ing current range between the normally-on and normally-off
operation mode of the formed 2DEG channel, and (ii)
surface roughness of 0.2 nm or less.

12. The SAW RFID sensor chip of claim 11, wherein the
thickness of the top GaN buffer layer is 6-7 nm, preferably
6.2-6.4 nm, and the surface roughness of said GaN layer is
about 0.1 nm or less, preferably about 0.05 nm or less.

13. (canceled)

14. The SAW RFID sensor chip of claim 1, wherein said
multilayer heterojunction structure is sandwich-like contain-
ing one GaN buffer layer at the top, one GaN buffer layer at
the bottom and one AlGaN barrier layer in between, said
2DHG conducting channel being formed in the top GaN
buffer layer above the AlGaN barrier layer, close to the
interface between said top GaN buffer layer and said AlGaN
barrier layer, thereby resulting in the Ga-face polarity of said
structure, said top GaN buffer layer having (i) thickness of
5-9 nanometres (nm), which corresponds to the pseudo-
conducting current range between the normally-on and
normally-off operation mode of the formed 2DHG channel,
and (ii) surface roughness of 0.2 nm or less.

15. The SAW RFID sensor chip of claim 14, wherein the
thickness of the top GaN buffer layer is 6-7 nm, preferably
6.2-6.4 nm, and the surface roughness of said AlGaN barrier
layer is about 0.1 nm or less, preferably about 0.05 nm or
less.

16. (canceled)

17. The SAW RFID sensor chip of claim 1, further
comprising an excitation light source for irradiating said
piezoelectric substrate, thereby inducing an electric current
in said 2DEG or 2DHG structure.

18. The SAW RFID sensor chip of claim 17, wherein said
excitation light source is a surface-mounted-device light-
emitting diode (SMD LED) or UV-VIS-IR laser diode.

19. The SAW RFID sensor chip of claim 1, wherein said
metal IDTs are capable of receiving the RF signal of about
0.5-2.5 GHz and exhibiting the piezoelectric effect by cre-
ating acoustic waves over the surface of said piezoelectric
substrate.

20. A wearable device with a remote readout, comprising:

the SAW RFID sensor chip of claim 1, inserted in a

wearable device frame and connected to an electric
circuit;
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at least one out-input SAW-RFID zero-power fractal
antenna connected to said electric circuit, for receiving
or transmitting a signal,

an output-input separation by delay line SAW transducer;

a remote integrated circuit for storing and processing said
signal, and for modulating and demodulating a radio-
frequency (RF) signals, said remote integrated circuit
comprising:

a) a voltage source supplying electric current to said SAW
RFID sensor chip and to said out-input SAW-RFID
zero-power fractal antennals;

b) an integrated or CMOS current amplifier for amplifi-
cation of an electric current obtained from said SAW
RFID sensor chip;

¢) an analogue-to-digital converter with wireless input/
output modules connected to said current amplifier for
wireless outputting the converted signal to a user
interface or external memory;

d) a microcontroller unit (MCU) for processing and
converting the received signal into data readable in said
user interface or external memory; and

e) a wireless connection module for wireless connection
of said wearable device to said user interface or exter-
nal memory.

21. The wearable device of claim 20, wherein said exter-
nal memory is a mobile device, desktop computer, server,
remote storage, internet storage or material diagnostics
cloud.

22. The wearable device of claim 20, wherein said voltage
source is a battery of the Li-ion type or energy harvester with
AC-DC or DC-DC converters.

23. The wearable device of claim 20, wherein said current
amplifier is connected in-line.

24. The wearable device of claim 20, wherein said wire-
less connection module is a short-range Bluetooth® or NFC
module providing wireless communication between said
sensing device and the user interface, mobile device or
desktop computer; or a Wi-Fi module providing wireless
communication between said sensing device and the user
interface, a mobile device, desktop computer or server; or a
GSM module providing a worldwide wireless communica-
tion between said sensing device and a server, remote
storage, internet storage, hemodynamic monitoring cloud or
medical-diagnostic telemedicine cloud.

25.-26. (canceled)

27. The wearable device of claim 20, wherein said wear-
able device is in a form of a bracelet, a ring, a neckband, a
necklace, a pedant, an armband, a wristband or a clip on
earring.

28. A method for hemodynamic monitoring of a user
comprising:

1) Applying the wearable device of claim 20 to the user’s
body, arm, forearm, wrist, palm, finger, earlobe, chest
or neck;

2) Recording signals received from the user’s body in a
form of a S21-transfer parameter dynamics of the
device over time with said device;

3) Transmitting the recorded signals from said device to
the external memory for further processing; and

4) Converting the transmitted signals to digital signals and
processing the digital signals in the external memory,
correlating said S21-transfer dynamics with pre-cali-
brated electrocardiogram and central venous pressure
waveforms stored in the external memory, and extract-



US 2019/0239805 A1

ing the user’s cardiac signals and central venous pres-
sure from said waveforms in a form of readable medi-
cal data, thereby providing hemodynamic medical
information.

29. (canceled)

30. The method of claim 28, wherein the S21-transfer
dynamics is further correlated with phonocardiogram wave-
forms stored in the external memory, thereby providing
additional hemodynamic information on breath and lung
activity relating to pulmonary and respiratory systems.

31. (canceled)
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