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Description
TECHNICAL FIELD

[0001] The present application relates to the field of
microelectronic sensors based on high-electron-mobility
transistors and their use in detection and continuous
monitoring of electrical signals generated by a human
body. In particular, the present application relates to the
open-gate pseudo-conductive high-electron-mobility
transistors and their use in non-invasive monitoring of
physiological parameters of a human body.

BACKGROUND

[0002] Human health state is determined by many self-
interdependent physiological parameters. Not all of them
are equally informative and important. Besides, not all of
those parameters could be easily and precisely moni-
tored, since measurement of them requires special con-
ditions, expensive medical equipment and materials.
While designing the overall monitoring system, it is nec-
essary to assess not only importance of measured pa-
rameters but also techniques of their measurement and
potentiality of implication into practical systems. Medical
investigations have proven that the most important pa-
rameters are those that specify the work of heart and
respiratory or pulmonary system.

[0003] Typical parameters thatreflect the status of car-
diovascular and respiratory or pulmonary systems to be
monitored are cardiac output and primary heart activity
associated with an electrocardiogram, central venous
pressure, left and right atrium pressures, lung or pulmo-
nary activity associated with a breath cycle, respiratory
rate and volume, and brain activity associated with an
electroencephalogram. Other physiological parameters
that can be evaluated from the above parameters are
stroke volume, breathing related changes of the stroke
volume, peripheral vascular resistance, arterial compli-
ance, breathing rate and amplitude (or tidal volume).
[0004] Cardiovascular and pulmonary systems are in-
herently multivariate closed-loop systems. Main physio-
logical parameters of these system have a close interre-
lation mediated by various mechanical and neural mech-
anisms which can also be evaluated by monitoring brain
activity. The autonomous nervous system controls differ-
ent parts of this system by a continuous neural modula-
tion causing small variations of the variables around their
mean values. Breathing as an external stimulator is ca-
pable of modulating the hemodynamic parameters sig-
nificantly. The relationship and interaction between the
brain activity, blood circulation and breathing is very tight,
which emphasizes the need of simultaneous monitoring
and estimation of these systems in clinical work.

[0005] Currently,a number of different types of devices
are available for monitoring human subjects in a non-
invasive manner. For example, heart function can be
monitored in a patient through the use of electrodes,
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which must be attached to the skin of the patient. Al-
though non-invasive, such equipmentis nevertheless un-
comfortable for the patient, who is attached to a network
of cables and wired sensors. In addition, such equipment
is costly, limiting its use to hospitals, laboratories and
other medical settings in which both the cost and the
discomfort of the patient can be justified.

[0006] In general, non-invasive and continuous moni-
toring of a human subject is desired. In order to support
regular monitoring of human subjects in their normal en-
vironment, for example athome or at the office, the equip-
ment must be non-invasive and easy touse. Forinstance,
such monitoring could be very useful as part of the overall
health maintenance of a patient, and could be used in
order to detect a deterioration in the physiological con-
dition of the patient before a concomitant deterioration in
the health becomes noticeable.

[0007] Typical equipment used in hospitals and labo-
ratories is able to monitor at least one physiological pa-
rameter of a patient, without requiring the patient to per-
form any complicated actions and/or to operate complex
devices. However, as mentioned above, it would be high-
ly preferred for the equipment to be incorporated as part
of the regular daily living routine of the user or patient,
since the requirement for any additional or special actions
on the part of the patient is likely to result in decreased
compliance. In addition, the equipment should be robust
yet inexpensive, for example a small wristband to attach
a physiological sensor to the wrist of a user. A number
of different types of such wristband devices, which will
be specified below, are currently available, most of which
are intended to be used as stand-alone devices to provide
information about the user’s own physical condition,
mainly for heart rate and blood pressure.

Electrocardiography

[0008] Itis always advisable to register heart work re-
lated physiological parameters when evaluating human
health condition, since the heart work is associated with
physiological functions of vital importance to the human
body. The prime heart work related physiological param-
eters are heart work rate (pulse) and blood pressure.
Electrocardiogram (ECG) is one of the most represent-
ative physiological characteristics of heart work.

[0009] Electrocardiography is the process of recording
the electrical activity of the heart over a period of time
using electrodes placed on a patient’s body. These elec-
trodes detect the tiny electrical changes on the skin that
arise from the heart muscle polarisation and depolarizing
during each heartbeat, and the recording is generated
therefrom and/or by another device, such as an electrode
reader.

[0010] Conventional electrocardiographs employ mul-
tiple (8-12) electrodes for measuring the electrical activity
of the heart. Each electrode is placed on a patient at a
particular location within some tolerance. From these
electrodes, the overall magnitude of the heart’s electrical
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potential is usually measured from twelve different angles
("leads") and is recorded over a period of time (usually
10 seconds). In this way, the overall magnitude and di-
rection of the heart’s electrical dipole is captured at each
moment throughout the cardiac cycle. The obtained
graph of voltage versus time produced by this non-inva-
sive medical procedure is referred to as an electrocardi-
ogram (ECG or EKG). Various conventional electrocar-
diographs include 3, 5, 15, 16, etc. leads.

[0011] During each heartbeat, a healthy heart has an
orderly progression of depolarisation and polarisation
that starts with pacemaker cells in the sinoatrial node,
spreads out through the atrium, passes through the atri-
oventricular node down into the bundle of HIS and into
the Purkinje fibres spreading down and to the left through-
out the ventricles. This orderly pattern of depolarisation
and polarisation gives rise to the characteristic ECG trac-
ing.

[0012] Thus, ECG represents an absolutely essential
method of medical diagnostics. The health medical infor-
mation extracted from ECG is indispensable for direct
determination of the heart function and many other vital
body parameters such as heart diseases, atrial fibrilla-
tion, cholesterol clogging, heart attack prediction, hyper-
tension and many others. ECG conveys a large amount
of information about the structure of the heart and the
function of its electrical conduction system. Among other
things, ECG can be used to measure the rate and rhythm
of heartbeats, the size and position of the heart cham-
bers, the presence of any damage to the heart’s muscle
cells or conduction system, the effects of cardiac drugs,
and the function of implanted pacemakers.

[0013] The possibility of continuous ECG detection in
the daily life is extremely important and invaluable for
predictive health care in the modern society, where the
heart distress signals could be detected as early as pos-
sible. Pulse-watches measuring the heartrate from a sin-
gle point on a wrist using photoplethysmography (pulse
oximetry) have been recently commercialised. Tom-
Tom® Runner Cardio and Mio® Alpha watches use pho-
toplethysmography to continuously measure the hemo-
dynamic blood waves and heart rate. Their principle of
operation is based on pulse transit time method with ad-
ditional ECG-signal for calculation of blood pressure.

Skin surface potential along the arm

[0014] An ECG is by definition a differential measure-
ment. 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 rep-
resenting 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.

[0015] As shown in Figs. 1a-1f (Malmivuo and Plon-
sey, 1975), to obtain the maximal clearest amplitude of
P-QRS-T heart cycle, the ECG signal is normally meas-
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ured across the dipole according to Einthoven triangle
dipole vector projection method. In this method, elec-
trodes are connected to three limbs (left and right arms
and left foot) to get a projection of the electrical dipole
vector, which is generated by a heart during its depolari-
sation cycle. If there is some observed irregularity in elec-
trical excitation of the heart, which can be caused by a
cardiac infarct, the related electrical excitation is chang-
ing and the signal is moving to other directions. This ir-
regularity will then be visible in the projection signal.
[0016] The ECG signal can be easily measured along
the arm using a standard differential low noise amplifier.
Fig. 2a schematically shows various ECG recording on
the 17 marked body points relative to initial point"1". Fig.
2b shows voltage values (Q-to-R peak amplitude) record-
ed at marked electrode positions from 1 to 15 (positions
16 and 17 are hand and fingertip). Fig. 2c demonstrates
three body surface potential maps during the 50-ms
QRS-interval. The potential is colour coded onto the body
surface. The distribution of the electrical field is computed
with numerical methods outgoing from cardiac sources.
The differential ECG signal is measured using the stand-
ard Ag/AgCl gel ECG electrodes when the reference
electrode is placed on a patient’s chest near his heart
(point 1) and the second electrode is moving gradually
to the direction of fingertips between points 2-16 accord-
ingly.

[0017] At the electrode position 8 (elbow), the differ-
ential signal reaches a maximum value and remains con-
stant till fingertips (position 16). This experimental obser-
vation originates from the nature of the electric field dis-
tribution within a body volume conductor shown in Fig.
2c and clearly evidenced in Fig. 2b. Since, the Q-to-R
peak amplitude doesn’t change in the wrist area (elec-
trode positions 13-14), the signal distribution eminently
hinders the actual ECG detection with the aforemen-
tioned wrist-watch devices (at the) based on pulse oxi-
metry.

[0018] Therefore, there is a demand for a new type of
sensors, which would be based on a different detection
principle. The new sensors will be attached to a lower
part of the limbs and provide a continuous single-point
cardiovascular monitoring. Even more demand exists for
cardiovascular sensors that do need to be attached to a
body but can remotely monitor the cardiovascular activ-

ity.
Non-differential sensing techniques

[0019] There are only two existing non-differential
sensing techniques which are recently developed for car-
diovascular monitoring on a chest oreven on lower limbs.
Nakayama et al (2011) and An et al (2012) described
microelectronic CMOS-based magnetic field sensors
based on giant magneto impedance (GMI). These types
of microelectronic devices were able to detect the mag-
netocardiography (MCG)-single point signals from chest
but failed to detect the MCG signal from wrist.
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[0020] Kado et al (2010) described optoelectronic de-
tectors changing their optical properties, such as reflect-
ance, as a function of e-field magnitude. Such transduc-
ers have already found their application in personal RFID
systems, for example RedTacton® NTT. However, the
detection of a lower limb ECG signals based on a non-
differential skin potential or remote cardiovascular mon-
itoring still remains unproven and challenging.

Respiratory physiological parameters

[0021] Respiratory ensures permeation of the oxygen
into the human body. Special medical equipment is re-
quired to register respiratory characteristics, so called
respiratory or pulmonary physiological parameters.
Those parameters featuring human health state conse-
quently can be divided into three groups: volume param-
eters, respiratory system physical parameters (respira-
tory rate and other mechanical parameters of respiratory
system) and parameters of gas metathesis within the
lungs. Volume parameters, such as total lungs capacity,
tidal breath and functional remaining capacity, charac-
terise potential and functionality of human body parts that
respond for respiratory functions. Physical parameters,
such as respiratory rate and breath cycle, are related to
mechanical model of respiratory or pulmonary system.
Gas metathesis physiological parameters are related to
gas penetration into human body and exhausting from it
when breathing. Allthose parameters are interdependent
and measurement of some of those parameters allows
calculating the rest of them.

[0022] Both conventional and remote measurement of
pulmonary system parameters traditionally uses respira-
tory masks, which are not much compatible with telemet-
ric principles of measurement. Indirect mask-free meth-
ods evaluate respiratory parameters according some
other physical body parameters, like recurrent imped-
ance of human body tissues and others. The main prob-
lem is the accuracy of the results, since most of known
methods are sensitive to human body movements and
that introduces significant errors into respiratory param-
eters measurements.

Central venous pressure monitoring

[0023] Central venous pressure (CVP) is the blood
pressure formed in the thoracic vein, at the right atrium
of the heart, and corresponds to the amount of blood
pumped back to the heart. There is currently only one
method to measure the pressure from the right atrium.
This method utilises catheters and hence, invasive. Due
to different catheter positions, the CVP data recorded
from the same patient may be different. Information ob-
tained on the atrium pressure is important for the diag-
nosis of many cardiovascular diseases. The atrium pres-
sure actually represents the most stable and reliable
pressure for monitoring. Moreover, the atrium pressure
provides information on the pulmonary pressure which
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is required for diagnosis of pulmonary diseases, such as
pulmonary hypertension recently shown to be one of the
largest disease groups in the world. Using the aforemen-
tioned single-point cardiovascular sensing is the only
non-invasive approach to continuous monitoring of the
pulmonary pressure.

High Electron Mobility Transistor

[0024] The polarization doped high-electron-mobility
transistor (HEMT) is afield effect transistor (FET) in which
two layers of different bandgap and polarisation field are
grown upon each other forming a hetero-junction struc-
ture. As a consequence of the discontinuity in the polar-
isation field, surface charges are created at the interface
between the layers of the hetero-junction structure. If the
induced surface charge is positive, electrons will tend to
compensate the induced charge resulting in the forma-
tion of the channel. Since in the HEMT, the channel elec-
trons are confined in aquantum 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 mo-
bility surpassing the bulk mobility of the material in which
the electrons are flowing.

[0025] The HEMTs based on the layers of IlI-V semi-
conductor materials, such as gallium nitride (GaN) and
aluminium gallium nitride (AlGaN), have recently been
developed with a view to high-voltage and high-power
switching applications. The high voltages and high
switching speeds allow smaller, more efficient devices,
such as home appliances, communications and automo-
biles to be manufactured. To control the density of elec-
trons in the 2DEG channel and to switch the HEMT on
and off, the voltage at the gate of the transistor should
be regulated.

[0026] Figs. 3a-3c schematically shows the quantum
well at three different biasing conditions starting from the
positive gate potential (Vg), much higher than the thresh-
old voltage (V7), and going down to the OV gate potential
and further to the negative values below the threshold
voltage. The V1 is defined as a voltage required to pop-
ulate electrons at the interface between the GaN and
AlGaN layers, thereby creating conductivity of the 2DEG
channel. Since the 2DEG channel electrons occupy en-
ergy levels below the Fermi level, the Fermi level in a
quantum well is located above several energy levels
when Vg >> V1 (Fig. 3a). This enables high population
of the 2DEG channel electrons and hence, high conduc-
tivity. The HEMT is turned onin this case. However, when
Vg decreases to 0V (Fig. 3b), 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 Vg << V1 (Fig. 3c), all electron energy levels are
above the Fermi level, and there is no 2DEG electrons



7 EP 3 426 133 B1 8

below the gate. This situation is called "channel deple-
tion", and the HEMT is turned off.

[0027] Many commercially available AlGaN/GaN-
based HEMT structures have a negative V1, resulting in
a "normally-on" operation mode at OV gate potential.
They are called "depletion-mode transistors" and used
in various power switching applications when the nega-
tive 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 com-
plexity and eliminate standby power consumption,
HEMTs with "normally-off" characteristics are preferred.
[0028] Several techniques to manufacture the normal-
ly-off HEMTs 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
Vrincreases. The normally-off operation of the transistor
is achieved once the depletion region reaches the inter-
face and depletes the 2DEG channel at zero gate voltage.
The major advantages ofthese HEMTs are relatively low-
er power consumption, lower noise and simpler drive cir-
cuits. These HEMTs are currently used, for example, in
microwave and millimetre wave communications, imag-
ing and radars.

[0029] Chang et al(2009) proposed instead of etching
the relatively thick barrier layer to approach the Al-
GaN/GaN interface, to use a very thin AlIGaN barrier. This
structure also achieves normally-off operation by ap-
proaching the gate towards the AIGaN/GaN interface.
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
unfortunately sacrificed device turn-on performance.
[0030] US 2011/199102 A1 describes a Van der Pauw
(VDP) piezoresistive sensor fabricated on (100) and
(111) silicon surfaces, capable of measuring die stresses
in electronic systems and used for chemical detection.
The VDP sensor has a contact of the sensor at four to
six points around the perimeter of a sample and meas-
ures an average sheet resistivity of the sample. In addi-
tion, it has a biochemical layer immobilised on its surface
in order to provide capturing capabilities for different an-
alytes.

SUMMARY

[0031] The present application describes embodi-
ments of microelectronic sendsors and methods for mon-
itoring physiological parameters of a human subject us-
ing a microelectronic sensor based on an open-gate
pseudo-conductive high-electron mobility transistor (PC-
HEMT), as defined in the appended claims. Any embod-
iment described hereinafter that is not covered by the
appended claims is merely exemplary. In some embod-
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iments, a transistor comprises a substrate, on which a
multilayer hetero-junction structure is deposited. In other
embodiments, the multilayer hetero-junction structure is
placed on free-standing membranes. This hetero-junc-
tion structure may comprise at least two layers, a buffer
layer and a barrier layer, which are grown from IlI-V sin-
gle-crystalline or polycrystalline semiconductor materi-
als.

[0032] A conducting channel comprising a two-dimen-
sional electron gas (2DEG), in case of two-layers config-
uration, or a two-dimensional hole gas (2DHG), in case
of three-layers configuration, is formed at the interface
between the buffer and barrier layers and provides elec-
tron or hole current in the system between source and
drain electrodes. The source and drain, either ohmic or
capacitively-coupled (non-ohmic) contacts are connect-
ed to the formed 2DEG/2DHG channel and to electrical
metallizations, the latter are placed on top of the transistor
and connectit to the sensor system. An optional dielectric
layer is deposited on top of the hetero-junction structure.
The open gate area of the transistor is formed between
the source and drain areas as a result of recessing or
growing of the top layer to a specific thickness.

[0033] If the source and drain contacts are non-ohmic
(capacitively-coupled), in order to electrically contact the
2DEG/2DHG channel underneath, which is about 5-20
nm bellow metallizations, the AC-frequency regime is
used. The capacitive coupling of the non-ohmic metal
contacts with the 2DEG/2DHG channel is normally in-
duced at the frequency higher than 30 kHz. In the case
of non-ohmic contacts, the DC readout cannot be carried
out. Instead, the AC readout or impedance measure-
ments of the electric current flowing through the
2DEG/2DHG-channel are performed.

[0034] In some embodiments, the significant features
of the PC-HEMT structure are that:

(i) the thickness of the top layer in the open gate area
between the source and drain contacts is 5-9 nm,
preferably 6-7 nm, more preferably 6.3 nm, and that
corresponds to the pseudo-conducting currentrange
between normally-on and normally-off operation
mode of the transistor,

(ii) the surface of the top layer within the open 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, and

(iii) the non-ohmic source and drain contacts for the
capacitive  coupling with the conductive
2DEG/2DHG channel optionally replace the ohmic
contacts.

[0035] In some embodiments, the PC-HEMT multilay-
er hetero-junction structure of the present application is
grown from any available IlI-V single-crystalline or poly-
crystalline semiconductor materials, such as GaN/Al-
GaN, GaN/AIN, GaN/InN, GaN/InAlGaN, GaAs/AlGaAs
GaN/InAIN, InN/InAIN, and LaAlO5/SrTiO5. In case of
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the GaN/AIGaN PC-HEMT, ithas been surprisingly found
thatin the open gate area of the PC-HEMT, the thickness
of the top layer that corresponds to the pseudo-conduct-
ing current range between normally-on and normally-off
operation mode of the PC-HEMT, is about 6-7 nm.
[0036] In a particular embodiment, 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. 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.

[0037] Further, in some embodiments, the present ap-
plication provides sensors based on the PC-HEMT of the
application for non-invasive and continuous cardiovas-
cular and pulmonary monitoring, i.e. detecting, measur-
ing and monitoring the electrocardiography signals and
central venous pressure (CVP). They are also capable
of breath monitoring and lung activity diagnostics and
hence, can be used in pulmonary and respiratory related
applications. In addition, these sensors can monitor the
brain activity and measure and monitor electrical signals
associated with an electroencephalogram (EEC). Fur-
ther, the sensors of the invention can be used in eye
pressure diagnostics.

[0038] Working principle of the PC-HEMT sensor of
the application is based on ultra-high charge sensitivity
at the sensor/tissue surface interface. Physically, the hu-
man heart represents a volume source of an electric di-
pole field acting within a volume electrolytic conductor
represented by human body. Using the enormously high
charge sensitivity, it is possible to record both processes:
an appearance and wave (dynamic distribution) of an
electrical heart dipole due to a heart muscle polarisa-
tion/depolarisation cycles, followed by corresponding
mechanical movements of polarised heart parts in a real
time. In a particular embodiment, the sensor of the
presentapplicationis used for cardiovascular monitoring,
the GUI of this sensor is programmed in such a way as
to interpret the signal peaks obtained from the sensor,
process their shape and time intervals, and correlate
them with the corresponding ECG peak/point readings
of P, Q, R, S, T and J peaks, and with related intervals
between said points in the electrocardiogram.

[0039] Various embodiments may allow various ben-
efits, and may be used in conjunction with various appli-
cations. The details of one or more embodiments are set
forth in the accompanying figures and the description be-
low. Other features, objects and advantages of the de-
scribed techniques will be apparent from the description
and drawings and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] Disclosed embodiments will be understood and
appreciated more fully from the following detailed de-
scription taken in conjunction with the appended figures.
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Figs. 1a-1f show the Einthoven triangle and heart
polarisation-depolarisation cycle according to the
prior art.

Fig. 2a schematically shows ECG recording on the
17 marked body points relative to initial (reference)
point close to the patient’s heart according to the
prior art.

Fig. 2b shows voltage values (Q-to-R peak ampli-
tude) recorded at marked electrode positions from 1
to 15 (positions 16 and 17 are hand and fingertip)
according to the prior art.

Fig. 2c shows three body surface potential maps
during 50-ms QRS-interval (the potential is colour
coded onto the body surface) according to the prior
art.

Fig. 3 schematically shows the quantum well at three
different biasing conditions:

Fig. 3a: positive gate potential (+Vg) is much
higher than threshold voltage (V)

Fig. 3b: 0V gate potential, and

Fig. 3c: negative gate potential (-Vg) is below
threshold voltage (V7).

Figs. 4a-4b schematically shows a cross-sectional
view (XZ) (a) and a top view (XY) (b) ofthe PC-HEMT
of an embodiment without a dielectric layer.

Fig. 4c schematically shows a cross-sectional view
of the PC-HEMT of an embodiment having non-ohm-
ic (capacitively-coupled) contacts and no dielectric
layer.

Fig. 4d schematically shows a cross-sectional view
of the PC-HEMT of an embodiment with highly-
doped source and drain areas.

Fig. 4e schematically shows a cross-sectional view
of the PC-HEMT of an embodiment with a dielectric
layer.

Fig. 4f schematically shows a cross-sectional view
of the PC-HEMT of an embodiment having non-ohm-
ic (capacitively-coupled) contacts and a dielectric
layer.

Fig. 5 schematically shows the dependence of the
source-drain current (a charge carrier density) in-
duced inside the 2DEG channel of a GaN/AlGaN
HEMT on the thickness of the AlGaN barrier layer
recessed in the open gate area.

Fig. 6 illustrates a theory behind the 2DEG formation
(charge neutrality combined with the lowest energy
level) at the conduction band discontinuity.

Fig. 7a schematically shows the formation of the
2DEG and 2DHG conducting channels in the Ga-
face three-layer GaN/AIGaN/GaN PC-HEMT struc-
ture.

Fig. 7b schematically shows the formation of the
2DEG and 2DHG conducting channels in the N-face
three-layer GaN/AIGaN/GaN PC-HEMT structure.
Fig. 8 schematically shows the formation of the
2DEG conducting channel in the N-face three-layer
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GaN/AlGaN/GaN PC-HEMT structure with an ul-
trathin Al(GaN)N layer for improved confinement.
Fig. 9 represents a direct-contact microelectronic
sensor of an embodiment.

Fig. 10a schematically shows the barrier layer/liquid
interface with the double layer formation, simplified
equivalentinterface circuity and ion electrodynamics
during exposure of the sensor to a positive charge.
Fig. 10b schematically shows the barrier layer/liquid
interface with the double layer formation, simplified
equivalentinterface circuity and ion electrodynamics
during exposure of the sensor to a negative charge.
Fig. 11 schematically shows the system of an em-
bodiment based on the PC-HEMT with an Ag/AgClI
reference-cell electrode.

Fig. 12a schematically shows a cross-sectional view
of the PC-HEMT of an embodiment with free-stand-
ing membranes.

Fig. 12b illustrates a situation when the external
pressure (mass effect) is applied on the sensor in-
corporating the PC-HEMT of Fig. 12a, and trans-
ferred into a changed internal strain caused by bend-
ing.

Fig. 13 schematically shows the system of an em-
bodiment, wherein the voltage source is a battery.
Fig. 14 schematically shows a zero-power RFID sen-
sor of an embodiment with a remote readout.

Fig. 15 schematically shows a direct-contact sensor
of an embodiment with a remote readout.

Fig. 16 illustrates the discharging method based on
utilisation of the additional liquid gate electrode that
is electrically connected to the power source of the
sensor.

Fig. 17 schematically shows the direct-contact sen-
sor of an embodiment with a remote readout and a
feedback control for energy level adjustmentand de-
trapping via an external or integrated gate electrode.
Fig. 18 schematically shows an optoelectronic sen-
sor of an embodiment for remote readout.

Fig. 19 shows a smart or fitness watch based on the
PC-HEMT sensor of the present application accord-
ing to some embodiments.

Fig. 20a shows a heart cycle expressed as charac-
teristic ballistocardiography (BCG) peaks.

Fig. 20b shows simultaneously recorded ECG and
BCG signals with the equivalently time-synchronised
PC-HEMT sensor signal (in red).

Fig. 21 schematically shows the experimental setup
for minimisation of mechanical and vibrational heart
movement artefacts.

Fig. 22 shows the formal representation of the heart
beat recorded with conventional instruments.

Fig. 23 shows the heart beat detected with the PC-
HEMT sensor and with an oximeter at wrist com-
pared to standard signals.

Fig. 24a shows the central venous pressure (CVP)
waveform data synchronised with the cardiac signals
data recorded with the ECG and with the PC-HEMT
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sensor.
Fig. 24b shows the first derivative of the recorded
ECG curve of Fig. 23a obtained with one hundred
combined measurements using the PC-HEMT sen-
sor.

Fig. 25 shows the correlation between the cardiac
signals data recorded with ECG and the CVP wave-
form data and with the PC-HEMT sensor.

Figs. 26a-26b show the comparison of normal (red)
and abnormal (grey) cardiac signal shape from two
patients.

Fig. 27 shows the ambulatory environment during
the clinical tests.

Fig. 28a schematically shows the sensor setup used
in the clinical tests.

Fig. 28b shows the ECG and PPG print-outs ob-
tained from the medical catheter control-unit for the
first patient.

Fig. 28c shows synchronised and continuously re-
corded signals for catheter-aortic pressure (blue)
with ECG (bold red) and with the PC-HEMT in the
clinical tests with low pass filter of 20 Hz for the first
patient (thin red: heart cycles plus breath cycles with
a low-pass 20 Hz filter; purple: heart cycles with a
band pass filter of 2-20 Hz) ("SPC" in the figure
stands for "single-point cardio", and it is actually the
waveform signal recorded by the PC-HEMT sensor.)
Figs. 29a-29b shows the SPS signals from heart
cycles recorded at clinical conditions with low pass
filter of 20 Hz in a control test.

Fig. 30a shows the ECG and PPG print-outs from
the medical catheter control-unit for the second pa-
tient and his laboratory environment during the test.
Fig. 30b shows synchronisation of continuously re-
corded signals for catheter-aortic pressure (blue)
with ECG (bold red) and with the PC-HEMT in the
clinical tests with low pass filter of 20 Hz for the sec-
ond patient (thin red: heart cycles plus breath cycles
with a low-pass 20 Hz filter; purple: heart cycles with
a band pass filter of 2-20 Hz) ("AP" in the figure is
abbreviated for "aortic pressure”, and "SPC" is ab-
breviated for "single-point cardio”, and it is actually
the signal recorded by the PC-HEMT sensor.)

Fig. 31a shows the ECG and PPG print-outs from
the medical catheter control-unit for the third patient.
Fig. 31b shows synchronisation of continuously re-
corded signals for catheter-right atrium pressure
(bold purple line) with the PC-HEMT signal (thin red
line for heart cycles plus breath cycles with a low-
pass 20 Hz filter and thin purple line) and ECG (bold
red line) in the clinical test for the third patient ("RAP"
in the figure stands for " catheter-right atrium pres-
sure", and "SPM" is abbreviated for "single-point
monitoring”, and it is the signal recorded by the PC-
HEMT sensor.)

Figs. 32a-32b show synchronization of continuously
recorded signals from catheter RAP (purple line),
aortic pressure (AP, blue line), ECG (red line) and



13 EP 3 426 133 B1 14

the PC-HEMT sensor (purple line recording heart
cycles with a band pass filter of 2-20 Hz).

Fig. 33 shows recorded cardiovascular activity at a
single body point on the left wrist in zoom-in figures
sequence.

Fig. 34 shows recorded cardiovascular activity at a
single body point on the right wrist in zoom-in figures
sequence.

Fig. 35 shows recorded cardiovascular activity
measured within oral cavity in zoom-in figures se-
quence.

Fig. 36a shows the cardiac signals recorded at a
single body point inside the building exposed to a
power line of 50 Hz parasitic electromagnetic field.
The signals were modulated with 50 Hz noise, in-
plane Vgg = -1.6V and amp gain 500, and plotted
after 10 Hz low-pass (LP) filter.

Fig. 36b shows the cardiac recorded ata single body
point inside the building exposed to a power line of
50 Hz parasitic electromagnetic field. The signals
were modulated with 50 Hz noise, in-plane Vgg = 0V
and amp gain 500, and plotted after 10 Hz LP filter.
Fig. 37a shows the cardiac signals recorded at a
single body point inside the building exposed to a
power line of 50 Hz parasitic electromagnetic field.
The signals were modulated with 50 Hz noise and
amp gain 1000, and plotted after 10 Hz LP filter.
Fig. 37b shows the cardiac signals recorded at a
single body point inside the building exposed to a
power line of 50 Hz parasitic electromagnetic field.
The signals were modulated with 50 Hz noise and
zero (0) amp gain, and plotted after 10 Hz LP filter.
Fig. 38a shows the cardiac signals (four cardiac cy-
cles) recorded at a single body point (a wrist) at
breath-out phase (expiration) during the normal
breath rhythm.

Fig. 38b shows the cardiac signals recorded at a
wrist during the continuous breath-in for 20-30 sec
(deep inspiration).

Fig. 39 shows the cardiac signals (two cycles) re-
corded with the PC-HEMT sensor at breath-out
phase during the normal breath rhythm and time-
synchronized with a referential biophysical cardiac
dynamics cycle.

Fig. 40 shows the cardiac signals (two cycles) re-
corded with the PC-HEMT sensor during continuous
breath-in for 20-30 sec (red solid line) and time-syn-
chronized with a referential biophysical cardiac dy-
namics cycle. The cardiac signals (two cycles)during
the breath-in phase are shown in the background
(blue dashed line).

DETAILED DESCRIPTION

[0041] In the following description, various aspects of
the present application will be described. For purposes
of explanation, specific configurations and details are set
forth in order to provide a thorough understanding of the
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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 sim-
plified in order not to obscure the present application.
[0042] The term "comprising", used in the claims,
should notbe 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 pres-
ence of the stated features, integers, steps or compo-
nents 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. As used herein, the term "about" means there is a 10%
tolerance of the mentioned or claimed value. As used
herein, the term "and/or" includes any and all combina-
tions of one or more of the associated listed items. Unless
otherwise defined, all terms (including technical and sci-
entific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art
to which this invention belongs. It will be further under-
stood 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 con-
text of the specification and relevant art and should not
be interpreted in an idealized or overly formal sense un-
less 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 elements present. It will also be appreci-
ated by those of skill in the art that references to a struc-
ture or feature thatis disposed "adjacent" another feature
may have portions that overlap or underlie the adjacent
feature.

[0044] Inone aspect of the disclosure, the present ap-
plication describes a non-invasive method for continuous
monitoring of at least one physiological parameter of a
patient comprising:

1) Contacting a single sensing point on the patient’s
body with, or remotely positioning in a space against
the patient’s body, a microelectronic sensor compris-
ing an open-gate pseudo-conductive high-electron
mobility transistor (defined hereinafter as "transis-
tor") or an array thereof;

2) Continuously recording electrical signals received
from the patient’s body in a form of a source-drain
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electric current of said transistor over time (defined
as Ipg dynamics) with said sensor;

3) Continuously transmitting the recorded signals
from said sensor to an external memory; and

4) Processing the transmitted signals in the external
memory, correlating said Ipg dynamics with the
physiological parameter and extracting the physio-
logical parameter from said signals in a form of med-
ical data, thereby continuously monitoring said phys-
iological parameter;

wherein said transistor comprises:

a) a multilayer hetero-junction structure made of IlI-
V single-crystalline or polycrystalline semiconductor
materials, said structure comprising atleast one buff-
er layer and at least one barrier layer, said layers
being stacked alternately, and said structure being
deposited on a substrate layer or placed on free-
standing membranes;

b) a conducting channel comprising a two-dimen-
sional electron gas (2DEG) or a two-dimensional
hole gas (2DHG), formed at the interface between
said buffer layer and said barrier layer and providing
electron or hole current in said transistor between
source and drain contacts;

c) the source and drain contacts connected to said
2DEG or 2DHG conducting channel and to electrical
metallizations for connecting said transistor to an
electric circuit; and

d) an open gate area between said source and drain
contacts;

wherein:

(i) the thickness of a top layer (barrier or buffer) of
said structure in said open gate area of said transistor
is 5-9 nanometre (nm) which corresponds to the
pseudo-conducting current range between normal-
ly-on and normally-off operation mode of the tran-
sistor, and

(i) the surface of said top layer has a roughness of
about 0.2 nm or less.

[0045] In some embodiments, said external memory
is a mobile device, desktop computer, server, remote
storage, internet storage or telemedicine cloud. In other
embodiments, said medical data is further displayed in
form of a visual, graphical or mathematical representa-
tion of the Ipg dynamics or any other readable format.

[0046] In a particular aspect, the physiological param-
eters monitored with the sensor of the embodiments are
cardiac output and primary heart activity associated with
an electrocardiogram, central venous pressure, left and
right atrium pressures, heart rate variability, S2 split phe-
nomenon associated with a phonocardiogram, lung or
pulmonary activity associated with a breath cycle and
dynamics, and with respiratory rate and volume, and
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brain activity associated with an electroencephalogram.
In a specific embodiment, the physiological parameters
are stroke volume, breathing related changes of the
stroke volume, peripheral vascular resistance, breathing
rate and amplitude (or tidal volume) and arterial compli-
ance.

[0047] The userinterface to which the recorded signals
from the microelectronic sensor are transmitted may be
any stationary or mobile processor. In case of a wearable
device, such as bracelet, contacting a single sensing
point on the patient’s body with the sensor of embodi-
ments is done by fastening the wearable device to the
wrist of the patient, followed by recording the |55 dynam-
ics and thereby, measuring at least one physiological pa-
rameter, such as electrocardiogram or right atrium pres-
sure, of the patient.

[0048] The source and drain contacts connecting the
PC-HEMT to the electric circuit may be ohmic or non-
ohmic (capacitively-coupled, as will be described below).
In one embodiment, Figs. 4a-4b shows a cross-sectional
view (XZ) (a) and a top view (XY) (b) of the PC-HEMT of
the present application comprising:

= a multilayer hetero-junction structure made of Ill-
V single-crystalline or polycrystalline semiconductor
materials, said structure comprising one buffer layer
(11) and one top barrier layer (12), and being depos-
ited on a substrate layer (10);

= atwo-dimensional electron gas (2DEG) conduct-
ing channel (13) formed atthe interface between said
buffer layer (11) and said top barrier layer (12);

= source and drain ohmic contacts (15) connected
to said 2DEG conducting channel (13) and to elec-
trical metallizations (14) for connecting said transis-
tor to an electric circuit; and

= an open gate area (17) between said source and
drain ohmic contacts (15);

wherein:

(i) the thickness (d) of said barrier layer (12) in said
open gate area (17) is 5-9 nm which corresponds to
the pseudo-conducting current range between nor-
mally-on and normally-off operation mode of the
transistor, and

(i) the surface of said top barrier layer (12) has a
roughness of about 0.2 nm or less.

[0049] Further, Fig. 4c shows a cross-sectional view
of the PC-HEMT of another embodiment comprising:

= a multilayer hetero-junction structure made of Ill-
V single-crystalline or polycrystalline semiconductor
materials, said structure comprising one buffer layer
(11) and one top barrier layer (12), and being depos-
ited on a substrate layer (10);

= atwo-dimensional electron gas (2DEG) conduct-
ing channel (13) formed at the interface between said
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buffer layer (11) and said top barrier layer (12);

= electrical metallizations (14) capacitively-coupled
to said 2DEG channel (13)forinducing displacement
currents (25), thereby creating non-ohmic source
and drain contacts connecting said transistor to an
electric circuit; and

= an open gate area (17) between said source and
drain non-ohmic contacts;

wherein:

(i) the thickness of the top barrier layer (12) in the
open gate area (17) is 5-9 nm which corresponds to
the pseudo-conducting current range between nor-
mally-on and normally-off operation mode of the
transistor, and

(ii) the surface of the top barrier layer (12) has a
roughness of about 0.2 nm or less.

[0050] "Capacitive coupling" is defined as an energy
transfer within the same electric circuit or between differ-
ent 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 line-
arly proportional to voltage. Instead, it gives a steep curve
with an increasing gradient, since the resistance in that
caseincreases as the electric currentincreases, 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 conductive channel, they
transfer more energy creating new high-energy vibration-
al states, thereby increasing resistance and temperature.
[0051] When electrical metallizations are placed over
single-crystalline or polycrystalline semiconductor mate-
rial, the "Schottky contact" or "Schottky barrier contact”
between the metal and the semiconductor occurs. Ener-
gy of this contact is covered by the Schottky-Mott rule,
which predicts the energy barrier between a metal and
a semiconductor to be proportional to the difference of
the metal-vacuum work function and the semiconductor-
vacuum electron affinity. However, this is an ideal theo-
retical 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 phenomenon 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 pin-
ning", which differs from one semiconductor to another.
If the Fermi level is energetically far from the band edge,
the Schottky contact would preferably be formed. How-
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ever, if the Fermilevelis 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 semiconductor or metal
work functions.

[0052] Thus, a non-ohmic contact allows electric cur-
rent to flow only in one direction with a non-linear current-
voltage curve that looks like that of a diode. On the con-
trary, an ohmic contact allows electric current to flow in
both directions roughly equally within normal device op-
eration range, with an almost linear current-voltage rela-
tionship that comes close to that of a resistor (hence,
"ohmic").

[0053] Fig. 4c illustrates the situation when an electri-
cal connection of the transistor to the 2DEG channel is
realised via capacitive coupling to the electrical metalli-
zations through a Schottky barrier contact. This coupling
becomes possible only if sufficiently high AC frequency,
higher than 30 kHz, is applied to the metallizations. The
electrical metallizations capacitively coupled to the
2DEG channel utilise the known phenomenon of energy
transfer by displacement currents. These displacement
currents are induced by existing electrical fields between
the electrical metallizations and the 2DEG conducting
channel operated in the AC frequency mode through the
Schottky contact as explained above.

[0054] Reference is now made to Fig. 4d that sche-
matically shows a cross-sectional view of the PC-HEMT
of an embodiment of the present application with highly-
doped source and drain areas (18). In that case, the
strong doping of the source and drain areas may result
in a band-edge mismatch. However, if the semiconductor
is doped strongly enough, it will form a certain potential
barrier, low enough for conducting electrons to have a
high probability of tunnelling through this barrier, and
therefore conducting an electric current through the
2DEG channel.

[0055] An electrical connection to the 2DEG channel
shown in Fig. 4d is realised with a highly doped semi-
conductor areas (18) overlapping the 2DEG channel and
having a very low electrical resistance. Dopant ions such
as boron (B*), phosphorus (P*) or arsenic (As*) are gen-
erally created from a gas source, so that the purity of the
source can be very high. When implanted in a semicon-
ductor, each dopant atom creates a charge carrier in the
semiconductor material after annealing. Holes are cre-
ated for a p-type dopant, and electrons are created for
an n-type dopant, modifying conductivity of the semicon-
ductor in its vicinity. As* can be used for n-type doping,
while B* and P* ions can be used for p-type doping. For
example, in case of the AIGaN/GaN structure, the source
and drain areas of the silicon structure are heavily doped
with either B* or P* to create an electrical connection to
the 2DEG channel. The silicon layers have a very low
electrical junction resistance between each other in that
case, and in order to induce an electrical current in the
2DEG channel, the metallizations are placed on top of
the source and drain areas and connected to a circuit.
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[0056] The third option would be the use of the photo
effect that may also induce an electric current in the
2DEG channel. In order to couple the light excitation with
the electronic effects in the conductive 2DEG channel, a
photo effect in a silicon layer should be created. Regard-
ing the direct photo effect, it is well known that light can
only be absorbed when the energy of the absorbed pho-
ton (E = hv) is large enough for an electron to be excited
into the valence band. In that case, E is the photon en-
ergy, his Planck’s constant and v is the frequency of the
photon. The frequency is coupled to the wavelength A of
light by the constant speed of light ¢ = Av. Typically the
bandgap of silicon at room temperature is 1.12.eV, which
means that silicon becomes transparent for wavelength
larger than 1240 nm, which is the near infrared range.
[0057] Forsmallerwavelength (i.e.largerenergy ofthe
photons), electron/hole pairs are generated leading to a
photocurrent. In the fully-depleted, intrinsically doped sil-
icon structures, this results in a higher charge carrier den-
sity and consequently, higher sensitivity. For these struc-
tures, light is adsorbed in the whole visible range making
such devices ideal photodetectors. The mechanism that
allows the silicon semiconductor to become photosensi-
tive to irradiation with light has already been described
in literature. In the direct photo effect, it can be tuned by
the size, crystalline direction and surface termination.
These effects actually originate from two-dimensional
quantum confinement of electrons in the nano-sized
2DEG structure.

[0058] Although irradiation of the silicon structure with
light of larger wavelengths with photon energies below
the bandgap does not have enough energy to excite car-
riers from the valence to the conduction band in bulk sil-
icon, the electron/hole pairs can also be generated be-
tween the valence band and surface states, and the do-
nor-like surface trap states can still be formed (see the
definition and explanation of the surface trap states be-
low). The electrons actually deplete these holes trapped
at the surface and hence, modulate the gate field. The
photogenerated holes are confined to the centre of the
silicon structure by the gate field, where they increase
the conduction ofthe 2DEG channel, because of the band
bending. The holes increase the channel conductivity for
a certain lifetime until they are trapped (recaptured) at
the surface. The gain of the transistor can be extremely
huge if this re-trapping lifetime is much longer than the
holes transit time.

[0059] If the source and drain contacts are non-ohmic
(capacitively-coupled), in order to electrically contact the
2DEG channel underneath, which is about 7-20 nm bel-
low metallizations (14), the AC frequency regime is used.
The capacitive coupling of the non-ohmic metal contacts
with the 2DEG channel is normally induced at the fre-
quency higher than 30 kHz. In the case of the non-ohmic
contacts, the DC readout cannot be performed. Instead,
the AC readout orimpedance measurements of the elec-
tric current flowing through the 2DEG channel are carried
out.
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[0060] In some embodiments, the significant features
of the PC-HEMT structure are that:

(i) the non-ohmic source and drain contacts for the
capacitive coupling with the conductive 2DEG chan-
nel are used,

(ii) the thickness of the barrier layer in the open gate
area is 5-9 nm, preferably 6-7 nm, more preferably
6.3 nm, corresponding to the pseudo-conducting
currentrange between normally-on and normally-off
operation mode of the transistor, and

(iiif) the surface of the barrier layer has a roughness
of 0.2 nm or less, preferably 0.1 nm or less, more
preferably 0.05 nm.

[0061] The same transistors of the embodiments de-
picted in Figs. 4a and 4c, but further comprising a die-
lectric layer (16), which is deposited on top of the barrier
layer (12), are schematically shown in Figs. 4e and 4f,
respectively. In one embodiment, the optional dielectric
layer (16), which is used for device passivation, is made,
for example, of SiO-SiN-SiO ("ONQO") stack of
100-100-100 nmthickness or SiN-SiO-SiN ("NON") stack
having the same thicknesses. This dielectric layer (16)
is deposited on top of the barrier layer by a method of
plasma-enhanced chemical vapour deposition
(PECVD), which is a stress-free deposition technique.
[0062] Ina specificembodiment, the lllI-V semiconduc-
tor materials are selected from GaN/AIGaN, GaN/AIN,
GaN/InN,  GaN/InAIN, InN/InAIN,  GaN/InAlGaN,
GaAs/AlGaAs and LaAlO3SrTiOs.

[0063] The electrical metallizations (14) connect the
PC-HEMT to an electric circuit and allow electric current
to flow between the source and drain contacts. The elec-
trical metallizations (14) are made of metal stacks, such
as Cr/Au, Ti/Au, Ti/W, Cr/Al and Ti/Al. The Cr or Tilayers
of the metal stack is, for example, of 5-10 nm thickness,
while the second metal layer, such as Au, W and Al, is
of 100-400 nm thickness. The actual metallizations (14)
are chosen according to the established technology and
assembly line at a particular clean room fabrication facil-
ity. The source and drain ohmic contacts are usually
made of metal stacks, such as Ti/Al/Mo/Au, Ti/Al/Ni/Au,
Ti/Au and Ti/W having 15-50 nm thickness. The non-
ohmic contacts on the other hand are capacitively cou-
pled to the conducting 2DEG channel (13) via displace-
ment currents (25).

[0064] In yet further embodiment, substrate layer (10)
comprises a suitable material for forming the barrier layer
andis composed, forexample, of sapphire, silicon, silicon
carbide, gallium nitride or aluminium nitride. The hetero-
junction structure (11, 12) is deposited on the substrate
layer (10), for example, by a method of metalorganic
chemical vapour deposition (MOCVD), and forms a two-
dimensional electron gas (2DEG) channel (13) in the
close proximity to the interface between the buffer layer
(11) and the barrier layer (12). The barrier layer (12) is
then either recessed or grown as a thin layer between
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the source and drain contacts, thereby forming an open
gate area.

[0065] The 2DEG channel (13) formed near the inter-
face between the buffer layer (11) and the barrier layer
(12) serves as a main sensitive element of the transistor
reacting to a surface charge and potential. The 2DEG
channel (13) is configured to interact with very small var-
iations in surface or proximal charge or changes of elec-
trical field on the barrier layer/liquid-air or barrier lay-
er/metal/liquid-air interfaces interacting with the donor-
like surface trap states of the barrier layer. This will be
defined and discussed below in detail.

[0066] "Open gate area" of the PC-HEMT is defined
as an area between the source and drain contacts of the
transistor which is directly exposed to a conductive me-
dium, such as liquid or gas capable of conducting current.
An example of the conductive liquid is an electrolyte sa-
line solution. In this case, instead of the fixed gate volt-
age, which is normally applied to a gate electrode, a ref-
erence potential is applied to the electrolyte-semiconduc-
tor system, via an optional reference electrode that is
dipped into the electrolyte. As a result, in the absence of
the physical gate, the electrolyte itself becomes an open
gate of the transistor. This will be explained in more detail
below.

[0067] The specific thickness of the barrier layer (12)
in the open gate area is achieved by either dry etching
the semiconductor material of the layer (12), i.e. recess-
ing layer in the open gate area with the etching rate of 1
nm per 1-2 min in a controllable process, or coating the
buffer layer (11) in the open gate area with an ultrathin
layer of the IlI-V semiconductor material. In order to in-
crease the charge sensitivity of the transistor, the surface
of the recessed ultrathin barrier layer is post-treated with
plasma (chloride) epi-etch process. Consequently, the
natively passivated surface is activated by the plasma
etch to create an uncompensated (ionised) surface en-
ergy bonds or states, which are neutralized after MOCVD
growing.

[0068] Fig. 5 shows the dependence of the source-
drain current (a charge carrier density) on the barrierlayer
thickness recessed in the open gate area. As seen from
the plot, the HEMTSs that have a thickness of the barrier
layer in the open gate area larger than about 9 nm are
normally-on devices. In such devices, due to the inherent
polarisation effects present in the llI-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 hetero-junction
interface without the application of a gate bias. These
HEMTs are therefore normally-on devices. On the other
hand, the HEMTs that have a thickness of the barrier
layer in the open gate area lower than about 5 nm act as
normally-off devices.

[0069] The barrier layer recessed or grown in the open
gate area to 5-9 nm is optimised for significantly enhanc-
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ing sensitivity of the PC-HEMT sensor. This specific
thickness of the barrier layer in the open gate area cor-
responds to the "pseudo-conducting" current range be-
tween normally-on and normally-off operation modes of
the transistor and requires further explanation.

[0070] "Pseudo- conducting" current range of the
HEMT is defined as an operation range of the HEMT
between its normally-on and normally-off operation
modes. "Trap states" are states in the band-gap of a sem-
iconductor which trap a carrier until it recombines. "Sur-
face states" are states caused by surface reconstruction
of thelocal crystal due to surface tension caused by some
crystal defects, dislocations, or the presence of impuri-
ties. 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 ener-
gies within the band gap and are caused by redox reac-
tions, dangling bonds and vacancies in the surface layer.
Abalance always exists between the 2DEG channel den-
sity and the number of ionised surface donors which is
governed by charge neutrality and continuity of the elec-
tric field at the interfaces.

[0071] Thus, the donor-like surface traps formed at the
surface of the barrier layer of the HEMT are one of the
mostimportant sources ofthe 2DEG in the channel. How-
ever, this only applies for a specific barrier layer thick-
ness. 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 corresponding to
such situation is defined as "critical". At this point, elec-
trons filling the surface trap state become pulled to the
channel by the strong polarisation-induced electric field
found in the barrier to form the 2DEG instantly. If the
surface trap states are completely depleted, further in-
crease 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, crystal defects are created
at the interface between the buffer layer and the barrier
layer, and the piezoelectric polarisation instantly disap-
pears causing deterioration in the 2DEG density.
[0072] In order to illustrate the above phenomenon of
pseudo-conducting current, reference is now made to
the following figures. As mentioned above, Fig. 5 shows
the dependence of the source-drain current (a charge
carrier density) on the recessed AlGaN barrier layer thick-
ness. An energy equilibrium between the donor surface
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trap states and the 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 sur-
face to 2DEG, drift bellow the Fermi level, thereby mini-
mizing the electron supply to the 2DEG channel. This
theoretical situation is illustrated in Fig. 6. Therefore, the
recess of the AlGaN layer from 9 nm to 5 nm leads to
extremely huge drop in the 2DEG conductivity for six or-
ders of magnitude.

[0073] Thus, the mechanism of the 2DEG depletion
based on recessing the barrier layer is strongly depend-
ent 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 chan-
nel. There is a critical (smallest) barrier thickness, when
the 2DEG channel is mostly depleted but still highly con-
ductive due to a combination of the energy barrier and
the donor surface trap states energy. At this critical thick-
ness, even the smallest energy shift at the surface via
any external influence, such as surface reaction, charg-
ing etc., leads immediately to very strong 2DEG deple-
tion. 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.
[0074] Thus, recess ofthe gate area of the barrier layer
from 9 nm down to 5 nm significantly reduces the 2DEG
density, brings the transistor to the "near threshold" op-
eration and results in highly increased surface charge
sensitivity. The specific 5-9 nm thickness of the barrier
layer responsible for the pseudo-conducting behaviour
of the transistor gives the sensor an incredible sensitivity.
So, when it comes into a contact with an ionic fluid or
body skin, it opens up the gate to be able to do the ultra-
sensitive sensing.

[0075] Inadditiontotherecessed orgrown barrier layer
thickness, roughness of the barrier layer surface is an-
other very important parameter that has not been previ-
ously disclosed. It has been surprisingly found that the
roughness of the barrier layer surface (in the open gate
sensitive area) bellow 0.2 nm prevents scattering of the
donor-like surface trap states. Thus, the combination of
these two features: 5-9 nm thickness of the barrier layer
in the open gate area and strongly reduced roughness
of its surface make the PC-HEMT an incredibly strong
functional amplifier.

[0076] In afurther aspect, the hetero-junction structure
may be a three-layer structure consisting of two buffer
layers and one barrier layer squeezed between said buff-
er layers like in a sandwich, wherein the top layer is a
buffer layer. This may lead to formation of the two-dimen-
sional hole gas (2DHG) in the top buffer layer above the
barrier layer which results in reversing polarity of the tran-
sistor compared to the two-layer structure discussed
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above.

[0077] Ingeneral, polarity of llI-V nitride semiconductor
materials strongly affects the performance of the transis-
tors 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 for-
mation of defects are related to the growth mechanism,
which in turn depends on surface polarity. The occur-
rence of the 2DEG/2DHG and the optical properties of
the hetero-junction structures of nitride-based materials
are influenced by the internal field effects caused by
spontaneous and piezo-electric polarizations. Devices in
all of the IlI-V nitride materials are fabricated on polar
{0001} surfaces. Consequently, their characteristics de-
pend 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 con-
trast, 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 struc-
tures have the reverse polarity to the Ga-face polarity
structures.

[0078] As described above for the two-layer hetero-
junction structure, the barrier layer is always placed on
top of the buffer layer. The layer which is therefore re-
cessed 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}-direction 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 AIGaN/GaN interface, re-
flected 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 atthe AIGaN/GaN interface that attracts electrons
to form 2DEG in the GaN layer slightly below this inter-
face.

[0079] As noted above, polarity of the interface charg-
es 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 AlIGaN/GaN interface
in the hetero-junction structure (above or below the in-
terface). Therefore, different types of the accumulated
carriers can be present in the hetero-junction structure
of the embodiments.

[0080] In case of the three-layer hetero-junction struc-
ture, there are four possible configurations:
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Ga-face polarity
[0081]

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 configura-
tion 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.
7a, in order to form the conducting channel compris-
ing a two-dimensional hole gas (2DHG) in the top
GaN layer above the AlGaN barrier layer in the con-
figuration, 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
[0082]

3) The N-face polarity is characterised by the 2DEG
formation in the top GaN layer above the AlGaN bar-
rierlayer,as shownin Fig. 7b. In this case, the AIGaN
barrier layer and two GaN buffer layers must be nom-
inally 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.

[0083] Thus, there are four hetero-junction three-layer
structures implemented in the transistor of the embodi-
ments, based on the above configurations:

A. Ga-Face GaN/AIGaN/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 structure, 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/AIGaN/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 concentrations of
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the GaN layerand 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 rough-
ness below 0.2 nm. Thickness of the AlGaN barrier
can be adjusted during growth. N-type doping 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/AIGaN/GaN heterostructure with the
2DHG in the GaN buffer layer below the AIGaN bar-
rier 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.

[0084] In all the above structures, the deposition of a
dielectric layer on top might be beneficial or even neces-
sary to obtain a better confinement (as in case of the N-
face structures). As shown in Fig. 8, 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.

[0085] 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 sur-
face 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 heterostruc-
ture can be adjusted by the choice of the substrate (e.g.
C-face SiC) or by the growth conditions.

[0086] Inanotheraspectofthe presentdisclosure, Fig.
9 illustrates a microelectronic sensor comprising the fol-
lowing components:

= the PC-HEMT of an embodiment, or an array
thereof (100), printed on a flexible printed circuit
board (PCB) (108), wherein each one of said tran-
sistors is connected via electrical metallizations (14)
to its dedicated electrical contact line (103) printed
on said PCB (108);

= avoltage source (104) connected to said electrical
contact lines (103) via an electric circuit (102) for
supplying electric current to said transistors;

= an integrated or CMOS current amplifier (105)
connected to said voltage source (104) for amplifi-
cation of an electric current obtained from said tran-
sistors;



27 EP 3 426 133 B1 28

= an analogue-to-digital converter (ADC) with in-
built digital input/output card (106) connected to said
current amplifier (105) for outputting the converted
signal to a user interface; and

= aconnection module (107)for connecting the sen-
sor to the user interface.

[0087] All the above components of the sensor can be
external or builtin the transistor. As an example, the sen-
sor layout shown on Fig. 9 has an array of four PC-
HEMTSs for more flexible test procedure. Each PC-HEMT
of this sensor is fabricated on the substrate comprising
6-inch silicon wafers, the GaN buffer layer and the ul-
trathin grown AlGaN barrier layer, as described above.
The AlGaN/GaN hetero-junction parameters used in this
particular transistor were optimised for the ultrathin Al-
GaN barrier layer as follows: 3.5 nm SiN cap on top of
the barrier layer, 6 nm Al ,5Gag 75N and 2 um GaN buffer
layer deposited on the Si wafer substrate. All the meas-
urements further exemplified with this sensor were car-
ried out on the fabricated samples without any additional
surface treatment afterionimplantation based 2DEG pat-
terning step.

[0088] For utilisation within the conductive liquid (101),
the fabricated sensor is glued on the flexible fibro-plastic
PCB (108), and its wire bond connectors are protected
with epoxy-based glob-top (109). The voltage source
(104) 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 (106) is any
suitable analogue-to-digital converter card that can be
purchased, for example, from National Instruments® or
LabJack®. The current amplifier (105) can be any com-
mercially available femtoampere amplifier, for example
SRS® SR570, DLPVA-100-F-S, FEMTO® current am-
plifier DDPCA-300 or Texas Instruments® INAS826EVM.
[0089] In a further aspect of the present application,
the sensor can be applied to a single-sensing point on
patient’s limbs (arms, elbows, forearms, wrists, palms or
fingers) or can be used remotely from a patient’s body.
In a particular embodiment, the sensor of the present
application can be used for cardiovascular monitoring
from any single point on a patient’s body and specifically
from the wrist. In a further embodiment, the sensor can
be applied to detection of electrical field or changes in
electrical field of a body skin as a result of heart dipole
charge dynamics during a complete heart cycle from atri-
al depolarization to ventricular repolarization.

[0090] In yet further embodiment, the sensor of the
present application is contactless and used for remote
cardiovascular monitoring. The sensor may be placed in
aconductive liquid or leftin open air within 5.0 m distance
from a patient or less. In principle, any gas such as air,
a liquid, such as saline solution, water or sweat, or a gel
may be provided between the sensor and the body skin
surface to detect the cardiac signals. The interaction be-
tween the body skin surface and the formed 2DEG chan-
nel occurs electrostatically via electric field in a manner
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similar to an interaction between a gate electrode and
the 2DEG channel, by causing ionisation or energy shift
of the donor-like surface trap states of the barrier layer.
As shown in Fig. 9, a patient put his finger in the conduc-
tive liquid (101), for example sodium chloride solution. In
that case, contact of the sensor with the conductive liquid
(101) can physically represent the contact between the
sensor and a skin surface. This situation is used in some
embodiments ofthe present application in order to enable
the cardiovascular monitoring remotely from the sensor.
The conductive liquid (101) can be utilised in this case
as a very stable intermediator for contact with the skin
creating a gate as explained below.

[0091] Fig. 10 schematically shows the barrier lay-
er/liquid interface with the double layer formation, sim-
plified equivalentinterface circuity and ion electrodynam-
ics during exposure of the sensor to (a) a positive charge
and (b) a negative charge. Placed into a liquid, any sur-
face potential causes the natural formation of an electro-
chemical double layer at the contact interface to maintain
charge equilibrium between the solid state and ionic con-
ductive liquid. In Figs. 10a-10b, this double layer is
shown schematically together with the simplified equiv-
alent circuitry at the interface. The double layer is mostly
created with a 1-3 nm thick sharp separation between
the negative and positive ion space charge zones C2-R2
and C3-R3, which cause a secondary space charge equi-
librium zone C4-R4 (10 nm-1 um) and charge gradient
zone C5-R5 disappearing in the bulk liquid. When there
is no more potential shift from the solid and from the liquid,
then the charge equilibrium is maintained with C1/R1-
C5/R5 elements possessing a quasi-constant values.
[0092] Ion flow is schematically shown in Figs. 10a-
10b with vector arrows during an electrodynamic rear-
rangement when an external charge is introduced into
an equilibrated electrolyte. Fig. 10a shows the electro-
dynamic rearrangement with an external positive charge,
and Fig. 10b illustrates the electrodynamic rearrange-
ment but with an external negative charge. When the
ions react to an external electric field applied in the liquid,
the equivalent circuitry mirroring the space charges
changes accordingly. Since the sensor of some embod-
iments based on the PC-HEMT is extremely sensitive to
any surface charge changes (C1/R1), the gradient ions
rearrangement in the space charge zones from C5/R5
to a C2/R2 is able to modulate the 2DEG conductivity.
The dynamic and magnitude of the new equilibrium is
directly proportional to the liquid electrolyte conductivity,
ions mobility and external charge value defining the re-
sulted electrolyte charge. In general, any electrolyte
strongly enhances the sensor charge response due to
the excellent direct charge transfer towards the barrier
layer/electrolyte interface. The ions of the liquid interact
directly with the super sensitive surface trap states of the
ultrathin barrier layer.

[0093] Thus, if the sensoris immersed into an ion con-
ductive liquid, then the liquid ions will electro-dynamically
react to any external charge by their movement. Being
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in direct contact to the barrier layer surface, the charge
sensitivity is tremendously enhanced. The liquid func-
tions in this case as an antenna perfectly matching to the
2DEG transducer. The heart generates electric charges,
and a super position dipole of them is projected to a liquid
antenna in which the sensor is immersed in. If the skin
surface is in physical contact with the liquid, the detected
signal is drastically increased, because the electric field
within a body is transferred to the liquid with minimal los-
es. If the skin surface is outside of the liquid, then the
sensed electric field created by the heart polarisation-
depolarisation cycle is considerably weaker, but still can
be detected by the sensor within 0.1-5.0 m distance from
a patient or less, due to its extremely high sensitivity.
[0094] As discussed above, at any solid state/electro-
lyte interface, the capacitive and resistive elements of
the sensor form an electrochemical surface potential
originated from an interaction between the surface trap
states and a double layer capacity, while the interaction
between the 2DEG and the surface trap states originates
from tunnelling and electrostatics. It has now been sur-
prisingly found that operation of the PC-HEMT sensor as
an open gate field-effect transistor is not required in order
to modulate the surface electrochemical potential within
the barrier layer/electrolyte system.

[0095] In a wired monitoring, the ECG electrodes can
be attached to a patient’s skin and further wired (bridges)
with the electrolyte Au or Ag/AgCI gel electrodes. Small
electrical resistance of the wires allows transporting the
body (or skin) charges into the conductive liquid, where
the PC-HEMT sensoris located. In another embodiment,
the sensor of the present application additionally com-
prises a reference electrode for remote potentiometric
body charge detection. Fig. 11 shows an embodiment of
the system of the present application based on the PC-
HEMT (1) with an Ag/AgCl reference-cell electrode (20),
both dipped into conductive liquid (101) and connected
to the readout circuit comprising the discussed above
current amplifier (105), analogue-to-digital converter
(106) and connection module (107).

[0096] Since the C1/R1 component is absent in the
equivalent circuitry, there is no quantum mechanical in-
teraction between the surface trap states and 2DEG in
this system. Moreover, by definition, AgCI salt, which is
non-polarising, cannot change its own potential at sur-
face with ionic exchange processes. This is in contrary
to AlGaN surface, which shows strong potential changes
when an external charge is introduced in the liquid. While
being exposed to the external charge, the response to
changing potential at the barrier layer/liquid-interface
within the PC-HEMT/liquid/AgCl system can be detected.
The distance between the Ag/AgCl electrode and the PC-
HEMT does not matter within a relatively compact vessel
with the conductive liquid. Example 1 demonstrates the
use of this potentiometric system and presents the bio-
electrical data recorded with it.

[0097] Fig. 12a shows a cross-sectional view of the
PC-HEMT configuration of an embodiment with free-
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standing membranes, comprising:

= a multilayer hetero-junction structure made of Ill-
V single-crystalline or polycrystalline semiconductor
materials, said structure comprising atleast one buff-
er layer (11) and at least one barrier layer (12), said
layers being stacked alternately, and said structure
being placed on free-standing membranes (23);

= a conducting channel (13) comprising a two-di-
mensional electron gas (2DEG) or a two-dimension-
al hole gas (2DHG), formed at the interface between
said buffer layer (11) and said barrier layer (12) and
providing electron or hole current in said transistor
between source and drain contacts;

= the source and drain contacts (15) connected to
said 2DEG or 2DHG conducting channel (13) and to
electrical metallizations (14) for connecting said tran-
sistor to an electric circuit; and

= an open gate area (17) between said source and
drain contacts (15);

wherein:

(i) the thickness of a top layer (barrier or buffer) (12)
of said structure in said open gate area (17) is 5-9
nm which corresponds to the pseudo-conducting
currentrange between normally-on and normally-off
operation mode of the transistor, and

(ii) the surface of said top layer (12) has a roughness
of about 0.2 nm or less.

[0098] The PC-HEMT shown in Fig. 12a and placed
on free standing membranes may be used in "pressure-
sensitive" sensors of an embodiment, which are capable
of measuring very small pressures. These sensors use
the free-standing membranes for creating a mass-load-
ing effect which makes it possible to increase selectivity
of the sensors via adding mechanical stress (mass-load-
ing effect) as an additional parameter of the PC-HEMT-
based sensor. The free-standing membranes (23) are
very flexible free-standing columns of substrate com-
posed of sapphire, silicon, silicon carbide, gallium nitride
or aluminium nitride, preferably gallium nitride, having
thickness of 0.5-2 um. The free-standing substrate mem-
branes are very sensitive to any tensile, compressive or
mechanical stress changes on the surface of the multi-
layer hetero-junction structure. This results in a mass
loading effect, which will be discussed below.

[0099] Ingeneral, mechanical sensors, much like pres-
sure sensors, are based on the measurement of the ex-
ternally induced strain in the heterostructures. The pyro-
electric properties of group-lll-nitrides, such as gallium
nitride (GaN), allow two mechanisms for strain transduc-
tion: piezoelectric and piezoresistive. The direct piezoe-
lectric effect is used for dynamical pressure sensing. For
measurements of static pressure, such sensors are not
suitable due to some leakage of electric charges under
the constant conditions. For static operation, the piezore-
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sistive transduction is more preferable.

[0100] Piezoresistive sensors using wide band gap
materials have been previously employed using hexag-
onal silicon carbide bulk materials for high temperature
operation. Piezoresistivity of GaN and AlGaN structures
is comparable to silicon carbide. However, piezoresistiv-
ity can be further amplified by HEMT structure, as taught
by Eickhoff et al (2001). For piezoresistive strain sensing
at relatively lower pressures (or pressure differences),
diaphragm or membranes should be used, where the ex-
ternal pressure is transferred into a changed internal
strain caused by bending, as shown in Fig. 12b. The
resulting change in polarization alters the 2DEG channel
current which is measured.

[0101] Eickhoff et al (2001) conducted the first exper-
iments on AIGaN/GaN heterostructures where the 2DEG
channel confined between the upper GaN and AlGaN
barrier layer and demonstrated the linear dependence of
the 2DEG channel resistivity on the applied strain. More-
over adirect comparison to cubic SiC and a single AIGaN
layer clearly demonstrated the superior piezoresistive
properties of the latter. From these results, it is clear that
the interaction of piezoelectric and piezoresistive prop-
erties improves the sensitivity of pressure sensors by us-
ing GaN/AlIGaN heterostructures confined with the 2DEG
channel.

[0102] The sensor configuration schematically shown
in Figs. 12a and 12b involves piezoelectrically coupled,
charge and mass sensitive, free-standing GaN mem-
branes, which are prepared, for example, according to
U.S. Patent No. 8,313,968, and offer an elegant and ef-
fective solution to achieve both downscaling and an in-
tegrated all-electrical low-power sensing-actuation. As
mentioned above, GaN exhibits both, piezo- and pyro-
electrical properties, which can be functionally combined.
Whereas the piezoelectricity enables realisation of an
integrated coupling mechanism, the 2DEG additionally
delivers a pronounced sensitivity to mechanical stress
and charge, which allows the sensor to use the pyroe-
lectric effects. The dynamic change in 2DEG conductivity
is also caused by a change in piezoelectric polarisation.
[0103] In a specific embodiment, the sensor of the
present application is powered by a battery. Fig. 13
shows an embodiment of the system of the present ap-
plication, wherein the voltage source (104) is a battery,
for example the AA-battery, which supplies electric cur-
rent to the PC-HEMT. The setup also includes amplifier
(105) with data logger card (106) and connection module
(107), such as USB, NFC or Bluetooth. There are two
options for setup operation including either differential
voltage amplifier (105) connected in parallel, for example
SRS® SR560, or a current amplifier (105) connected in-
line, for example SRS® SR570. The SR560 setup allows
the operation in high input impedance mode using the
voltage divider resistance R. The relatively high SR560
input resistance of 100 MQ is good for detection of very
small charges without big leakages.

[0104] Another setup includes a current amplifier that
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operates directly with current flowing via the 2DEG chan-
nel of the PC-HEMT into the amplifier with small input
resistance of TMQ at gain higher than 104 and only 1Q
at gains lower than 200. Since the current amplifier in
this case is switched off, the usage of voltage divider R
is not necessary unless the voltage of 1.6V from the AA-
element is too high. Thus, this setup directly amplifies
the electric current modulation in the 2DEG channel orig-
inated from an external body charges. All readout com-
ponents are battery powered to avoid ground loop para-
sitic current.

[0105] For the cardiovascular measurements, there
are two ways to establish the electrical (galvanic) contact
with a patient’s body. In a wireless monitoring, the finger
can be immersed into an electrolyte solution with the PC-
HEMT sensor. The test person and all set up components
are electrically isolated to avoid ground loops. Reference
is now made to Fig. 14 illustrating a zero-power radio-
frequency identification (RFID) sensor of an embodiment
of the present application for remote readout. In a par-
ticular embodiment, the RFID sensor comprises the fol-
lowing components:

= the PC-HEMT of an embodiment, or an array
thereof (100), wherein each one of said transistors
is connected to its dedicated electrical contact line
(103);

= one or two out-input RFID-tag zero-power fractal
antennas (110), each connected to said electrical
contact lines (103) via an electric circuit (102) for
receiving or transmitting a signal;

= a diode input-output separator (111) to separate
polarities in said circuit (102);

= anintegrated circuit (112) for storing and process-
ing said signal, and for modulating and demodulating
a radio-frequency (RF) signals, said circuit compris-

ing:

a) a voltage source (104) supplying electric cur-
rent to said transistors (100) and to said one or
two antennas (110);

b)an integrated or CMOS current amplifier (105)
for amplification of an electric current obtained
from said transistors (100);

¢) an analogue-to-digital converter (ADC) with
wireless input/output modules (106) connected
to said current amplifier (105) for wireless out-
putting the converted signal to a user interface;
d) a microcontroller unit (MCU) (113) for
processing and converting the received signal
into data readable in said user interface; and
e) a wireless connection module (107) for wire-
less connection of said sensor to said user in-
terface.

[0106] The remote readout can be used with any sen-
sor of the present application. In a specific embodiment,
Fig. 15 schematically shows a microelectronic sensor of
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the present application comprising the following compo-
nents:

= the PC-HEMT of an embodiment, or an array
thereof (100), wherein each one of said transistors
is connected to its dedicated electrical contact line
(103);

= avoltage source (104) connected to said electrical
contact lines (103) via an electric circuit (102) for
supplying electric current to said transistors;

= an integrated or CMOS current amplifier (105)
connected to said voltage source (104) for amplifi-
cation of an electric current obtained from said tran-
sistors;

= an analogue-to-digital converter (ADC) with in-
built digital input/output card (106) connected to said
current amplifier (105) for outputting the converted
signal to a user interface (115); and

= a wireless connection module (107) for wireless
connection of the sensor to a readout module (116);
wherein said readout module (116) comprises an-
other wireless connection module (117) connecting
the sensor to said user interface (115) via a digital-
to-analogue converter (DAC) (114).

[0107] In some embodiments, both wireless connec-
tionmodules (107)and (117) are either Bluetooth or NFC,
thereby providing wireless communication between the
sensor and the readout module for up to 20 m. If these
two modules are Wi-Fi, the connection between them
can be established for up to 200 nm, while GSM allows
the worldwide communication.

[0108] In yet further embodiment, the sensor of the
present application additionally comprises a gate elec-
trode for discharging parasitic electric current. The ab-
sence of any connection to a ground for along time results
in a parasitic readout in the system because of tribology
effects, through the body friction, through the body charg-
ing and finally due to the parasitic charging of the PC-
HEMT sensor itself. Since this parasitics has alow energy
origin in the surface ionisation processes, it can be neu-
tralised or discharged using an additional gate electrode.
The discharging method is based on utilisation of the
additional liquid gate electrode that is electrically con-
nected to the power source of the sensor, as illustrated
in Fig. 16. A potential difference to the gate electrode in
the static liquid is formed, if no additional voltage source
is connected to the system. As a result, an electrically
coupled field is formed intrinsically affecting the surface
charges from the sensor towards the gate electrode dou-
ble layer. Due to creation of a direct potential difference
with an electrical connection between the AlGaN layer
surface and the gate electrode, there is much stronger
influence on the C1/R1 components inside the AlGaN
barrier layer. By applying an additional source-gate volt-
age through the battery powered signal generator or oth-
er power source, the parasitic charges can be de-trapped
and neutralised at the AlGaN layer surface.
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[0109] Inyetfurtherembodiment, Fig. 17 schematical-
ly shows a microelectronic sensor with a feedback control
for energy level adjustment and de-trapping via an ex-
ternal or integrated gate electrode, comprising the fol-
lowing components:

= the PC-HEMT of an embodiment, or an array
thereof (100), wherein each one of said transistors
is connected to its dedicated electrical contact line
(103);

= avoltage source (104) connected to said electrical
contact lines (103) via an electric circuit (102) for
supplying electric current to said transistors;

= an integrated or CMOS current amplifier (105)
connected to said voltage source (104) for amplifi-
cation of an electric current obtained from said tran-
sistors;

= an analogue-to-digital converter (ADC) with in-
built digital input/output card (106) connected to said
current amplifier (105) for outputting the converted
signal to a user interface (115);

= a feedback control microcontroller unit (MCU)
(113) for energy level adjustment and de-trapping
via an external or integrated gate electrode (30); and
= a wireless connection module (107) for wireless
connection of the sensor to a readout module (116);
wherein said readout module (116) comprises an-
other wireless connection module (117) connecting
the sensor to said user interface (115) via a digital-
to-analogue converter (DAC) (114).

[0110] The gate electrode (30) is made, for example,
of the following metal stacks: Cr/Au, Ti/Au, Cr/Al or Ti/W
of 5-10/100 -300 nm thicknesses, respectively.

[0111] In another embodiment, Fig. 18 schematically
shows an optoelectronic sensor of the present applica-
tion for remote readout comprises the following compo-
nents:

= the PC-HEMT of an embodiment, or an array
thereof (100), wherein each one of said transistors
is connected to its dedicated electrical contact line
(103);

= amodulated lightsource (120), such as a surface-
mounted-device light-emitting diode (SMD LED) or
UV-VIS-IRlaser diode, forirradiating the barrier layer
surface of said transistors;

= avoltage source (104) connected to said electrical
contact lines (103) via an electric circuit (102) for
supplying electric current to said transistors;

= alock-in amplifier (119) connected to said voltage
source (104 ) for amplification of a signal with a known
carrier wave obtained from said transistors and in-
creasing the signal-to-noise ratio;

= 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 (115);
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= a feedback control microcontroller unit (MCU)
(113) for energy level adjustment and de-trapping
via an external or integrated gate electrode (30); and
= a wireless connection module (107) for wireless
connection of the sensor to a readout module (116);
wherein said readout module (116) comprises an-
other wireless connection module (117) connecting
the sensor to said user interface (115) via a digital-
to-analogue converter (DAC) (114).

[0112] As shown in the present application, some em-
bodiments of the sensors of the present application can
be used in the cardiovascular monitoring, i.e. detecting,
measuring and monitoring the electrocardiography sig-
nals and central venous pressure (CVP). Some embod-
iments of the sensors of the present application are also
capable of recording a phonocardiogram (PCG) and
hence, considered as a replacement tool for regular
stethoscopes. They are also capable of breath monitor-
ing and lung activity diagnostics and hence, can be used
in pulmonary and respiratory related applications. In an-
other embodiment, these sensors can monitor the brain
activity and measure and monitor electrical signals as-
sociated with an electroencephalogram (EEC). Further,
some embodiments of the sensors of the present appli-
cation can be used in eye pressure diagnostics.

[0113] In a particular embodiment, the sensors of the
present application are applied to a single-sensing point
on a patient’s body, such as a patient’s limb, for example
arm, elbow, forearm, wrist, palm or finger. In another em-
bodiment, the sensors of the present application are ap-
plied to an oral cavity of a patient. In a specific embodi-
ment, the sensors of the present application are contact-
less and used remotely from a patient’s body. In a par-
ticular embodiment, the sensor of the present application
is used for detection of the primary heart activity signals
as will be demonstrated in Example 1 below.

[0114] Fig. 19 shows a smart or fitness watch based
onthe PC-HEMT sensor of an embodiment of the present
application. The in-built PC-HEMT sensor is capable of
sensing the signals and transmitting them either to a
phone or directly to a telemedicine cloud. Alternatively,
some embodiments of the sensor of the present applica-
tion can be integrated in a smartphone. The cardiovas-
cular and pulmonary monitoring can be continuously car-
ried out when the phone is in a contact with a hand or
activated on calling or when a contactis established. The
relevant medical data recorded is then transmitted to a
medical-diagnostic telemedicine cloud and will be avail-
able for medical doctors.

[0115] In a certain aspect, a wearable device of the
presentapplication contains an integrated microelectron-
ic sensor comprising the following components:

= the PC-HEMT of an embodiment, or an array
thereof (100), inserted in an electrolytic contact ele-
ment (40), wherein each one of said transistors is
connected to its dedicated electrical contact line
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(103);

= abattery (104) connected to said electrical contact
lines (103) via an electric circuit (102) for supplying
electric current to said transistors;

= an integrated or CMOS current amplifier (105)
connected to said battery (104) for amplification of
an electric current obtained from said transistors;

= an analogue-to-digital converter (ADC) with in-
built digital input/output card (106) connected to said
current amplifier (105) for wirelessly outputting the
converted signal to a smartphone or to a medical-
diagnostic telemedicine cloud;

= amicrocontroller unit(MCU) (113)for energy level
adjustment and de-trapping via an external or inte-
grated gate electrode (30); and

= a wireless connection module (107) wirelessly
connecting said wearable device to a smartphone or
to a medical-diagnostic telemedicine cloud.

[0116] In a specific embodiment, the wireless connec-
tion module (107) can be a short-range Bluetooth or NFC
providing wireless communication between the wearable
device and a smartphone for up to 20 m. If this module
is Wi-Fi, the connection can be established for up to 200
nm, while GSM allows the worldwide communication to
a medical-diagnostic telemedicine cloud.

[0117] 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,
fithess and remote telemedicine cloud-based diagnos-
tics. Since the device is used in a continuous cardiovas-
cular and pulmonary monitoring, it should have a very
small power consumption saving the battery life for a pro-
long usage. This is one of the major reasons to use the
non-ohmic high-resistive contacts connecting the PC-
HEMT sensor to an electric circuit, over the ohmic con-
tacts. The non-ohmic contacts actually limit an electric
current flowing through the 2DEG channel by having an
electrical resistance 3-4 times higher than the resistance
of the 2DEG-channel, thereby reducing electrical power
consumption without sacrificing sensitivity and function-
ality of the sensor. Thus, the use of non-ohmic contacts
in some embodiments of the PC-HEMT sensor of the
present application is a hardware solution allowing to
minimise the power consumption of the device. In anoth-
er 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.

EXAMPLES

Example 1: Electric charge origin of the single-point
PC-HEMT signal

[0118] There are different ways for detection of the pri-
mary heart activity signal in the beginning of pulse arrival



37 EP 3 426 133 B1 38

(PAT) cycle within chest, which can be used for blood
pressure calculation. The present inventors proved that,
in some embodiments, the single-point PC-HEMT signal
indeed originates from the heart dipole electric field var-
iations and not from mechanical vibrations of the
heart/body.

[0119] In the applied biomedical research, the heart
vibrations are measured by the technique known as bal-
listocardiography (BCG of the whole body movements)
or seismocardiography (SCG mainly of the thorax move-
ments). The mechanical BCG signal follows the electrical
signal with a delay of about 30-40 ms. In the BCG, the
mechanical motion of the heart is detected by measuring
forces or acceleration from the chest. Alternatively, using
the remote BCG recording, the blood pumping activity of
the heart can be monitored. A single axis measurement
in the length direction of the human body is normally ad-
equate as this is the main direction of the blood flow. Fig.
20a shows a heart cycle expressed as characteristic bal-
listocardiography (BCG) peaks. Fig. 20b shows the si-
multaneously recorded ECG and BCG signals with the
entirely (equivalently) time-synchronised PC-HEMT sen-
sor signal (in red).

[0120] The wave amplitudes in Fig. 20a is a measure
of the heart’s beat volume, while the time of the peaks’
appearance indicates the general functionality of the
heart, the heart beat rate and its variability, the latter in-
dicates the recovery state or stress of a person meas-
ured. The | and IJ amplitudes of the recorded signals in
Figs. 20a-20b can be useful in evaluating certain diseas-
es such as aortic valve disease or coronary artery dis-
ease, and even in predicting life expectancy. When
measuring the BCG signal with an accelerometer, the
engineering challenges are the low level of signal accel-
eration relative to the noise from the sensor and the en-
vironment, as well as the frequency response and vibra-
tions of a mechanical setup.

[0121] Fig. 20b shows a comparison of the time-syn-
chronised ECG, BCG and single-point PC-HEMT sensor
measurements. The BCG-signal dynamics of the shown
vibrational H-IJK-L-cycle inrelation to the P-QRS-T-cycle
of the ECG is completely different from the PC-HEMT
sensor signal dynamics. The reason for such difference
is that the signals obtained from the PC-HEMT originate
from dipole charges created by the heart movement and
not from its mechanical vibrations. This can be further
proven with the PC-HEMT sensor setup shown in Fig.
21, which excludes any mechanical wave transfer. This
particular sensor is used for minimising the mechanical
and vibrational heart movement artefacts, where the PC-
HEMT sensor is placed and shielded within a Faraday
box. Inside this box, the sensor is placed in a small vessel
containing electrolyte saline solution and connected via
a salt bridge to another similar vessel with the electrolyte
solution. One end of a coiled extension wire was placed
in a liquid, while another end was used for contacting a
fingertip outside the Faraday box.

[0122] The measurements carried without a Faraday
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box showed the same signal detection. Moreover, the
same signal was also detected contactlessly. Thus, the
single point monitoring using the PC-HEMT sensor
shown in this setup can only be based on the cardiac
signals originated from the dipole charges, simply be-
cause the transfer ofthe mechanical vibrations from heart
to the sensor is not possible with this particular sensor.

Example 2: Cardiovascular and pulmonary monitor-
ing with the PC-HEMT sensor

[0123] Reference is now made to Fig. 22 showing the
heart beat waveform recorded with different conventional
instruments (Wiggers Diagram, cited from WikiCom-
mons 2008). Fig. 23 shows the heart beat detected with
the single-point PC-HEMT sensor and with a pulse oxi-
meter at wrist compared to standard signals. The oxime-
ter signal follows the aortic pressure waveform with a
time delay AT which is typical to placement of the device.
Fig. 24a shows the central venous pressure (CVP) data
synchronised with the cardiac signals data recorded with
the ECG and with the PC-HEMT sensor. Fig. 24b shows
the first derivative of the recorded ECG curve obtained
from 100 combined data measurements using the PC-
HEMT sensor. It conforms to the CVP readings and en-
ables the non-invasive CVP to be performed in conjunc-
tion with the above ECG using an embodiment of the
sensor of the present application. Thus, the cardiac sig-
nals recorded with the PC-HEMT sensor non-invasively
contain all the information relating to the heart activity
and central venous pressure.

[0124] Central venous or right atrium pressures dy-
namics can be measured precisely today only by means
of heart catheterisation. Fig. 25 shows the experimentally
obtained correlation between the ECG and CVP wave-
form data and cardiac signals data recorded with the PC-
HEMT sensor. Since the CVP is equivalent to the right
atrium pressure (RAP), the cardio signal data recorded
with the PC-HEMT (bottom waveform) actually contains
the ECG peak positions and CVP-RAP positions. This
clearly opens new horizons for the non-invasive diagnos-
tics of right ventricular infarction, right heart failure and
cor pulmonale, tamponade, tricuspid regurgitation or ste-
nosis, complete heart block and constrictive pericarditis
using the single-point and contactless PC-HEMT sensor.
[0125] Figs.26a-26b shows the comparison of normal
(red) and abnormal (grey) cardiac signal shape from two
patients recorded with the PC-HEMT sensor. The clear
difference in the waveform peaks, in their amplitude and
timing immediately allows a trained doctor to diagnose
the abnormalities in the heart activity of a patient.

Example 3: Ambulatory tests

[0126] A prototype single-point measurement PC-
HEMT sensor was used for an activity recording of a com-
plete heart cycle including physical movement of right-
and left heart atriums with a real time synchronisation to
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a heart polarisation/depolarisation electrocardiography
dynamics. This technique described in the present ap-
plication allows performing a non-invasive heart diagnos-
tics, which alternatively can be only carried out by inva-
sive right- and left atriums heart catheterisation in addi-
tion to the simultaneously recorded ECG. Moreover, the
PC-HEMT sensor of some embodiments of the present
application makes it possible to contact a single point on
a patient’s body, which is needed for carrying out the
cardiac measurements. This allows the smooth integra-
tion of the PC-HEMT sensor into a wrist-watch format
revolutionising the whole cardiovascular and pulmonary
diagnostics and therapy monitoring approach. Further-
more, using the integrated PC-HEMT sensor makes it
possible to unprecedentedly improve the cardiac tele-
medicine in the point-of-care diagnostic and tremendous-
ly reduce the therapy expenditures in the hospitals.
[0127] The purpose of the ambulatory tests was to
compare the shape and time-related features between
the right atrium pressure (RAP) waveform recorded at
catheter and the PC-HEMT signal on different volunteers
under clinical conditions.

[0128] Ambulatory tests including the single-point car-
dio-dynamics measurements were conducted at the
Hospital of Giessen (UKGM Giessen, Germany), in the
laboratory for the RAP catheter measurements without
motion artefacts of medical personnel and intensive us-
age of medical devices in the lab. On the first day of the
clinical tests, the EM-compatibility of the ambulatory
room was evaluated. The PC-HEMT sensor has a very
high charge and EM-sensitivity. During patient treatment
there is normally a lot of medical equipment emitting EM-
noise mainly from power supply units. Therefore, it was
important to evaluate the impact of such intensive EM-
environment on the PC-HEMT sensor utilisation. Fig. 27
shows the ambulatory environment during the test. In this
test, the patient was laying on a bed with a wire extended
Ag/AgCl ECG reference electrode, which was attached
to a single-point at his left wrist. The signals were record-
ed from the patient’s wrist.

[0129] Initially, a 30-min light surgery for implantation
of a pre-prepared and preconfigured sterile RAP-cathe-
ter was performed by a pneumologist. Then the RAP-
profile and blood samples composition were analysed by
medical personnel of the lab. Then, the electrodes of the
PC-HEMT sensor were placed on the left wrist, and the
sensor was placed in an electrolyte saline solution inside
the light/EM protection cage. Single-point detection was
performed with metallic wires bridging the Ag/AgCI ECG
reference electrode on a body of the patient with the elec-
trolyte solution. The setup is schematically shown in Fig.
28a, and the ECG and PPG (photoplethysmograph)
print-outs from the medical catheter control-unit are
shown in Fig. 28b. The ECG and PPG were recorded
synchronously and transmitted via Bluetooth. The wave-
form signal from the PC-HEMT sensor was then recorded
for 15-20 minutes and synchronised with the ECG/PPG
signals recorded from a patient’s wrist.
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[0130] Fig. 28c shows the synchronised and continu-
ously recorded signals for catheter-aortic pressure (blue)
with ECG (bold red) and with the PC-HEMT sensor signal
(thin red: heart cycles plus breath cycles with a low-pass
20 Hz filter; purple: heart cycles with a band pass filter
of 2-20 Hz). As shown in Fig. 28c, strong sustained po-
tential shift signals were recorded with no motion arte-
facts of medical personnel and without medical tools us-
age, even in the presence of electromagnetic noise.
("SPC" in Fig. 28c stands for "single-point cardio", the
term defined as the signal recorded by the PC-HEMT
sensor.)

[0131] Despite the clearly visible 50 Hz power line
noise, itwas possible to obtain the valid PC-HEMT sensor
recordings after simple FFT-DSP-data filtering using a
20 Hz low-pass filter on the raw waveform data. From
the shown waveform signals, the heart rate and single
heart cycles can be easily extracted as will be detailed
below. As can be seen from the recorded data, the breath
rate of this patient was very high and even higher than a
heart rate. Such fast breath is unusual. Moreover, the
RAP-catheter pressure could not be measured properly
due to the heart failure. In addition, the PC-HEMT sensor
shows the higher frequency fibrillation inside the signal.
[0132] In a separate control test, strong sustained po-
tential shift (SPS) signals shown in Figs. 29a-29b were
recorded from another volunteer in the same clinical con-
ditions, with low pass filter of 20 Hz, with no motion ar-
tefacts of medical personnel and without medical tools
usage, even in the presence of electromagnetic noise.
[0133] Another patient was operated for the RAP-cath-
eter setting in the same lab. The PC-HEMT data record-
ing was carried out approximately three hours after the
first patient according to the same experimental se-
quence presented above. Fig. 30a shows the recorded
ECG and PPG print-outs from the medical catheter con-
trol-unit for the second patient and his laboratory envi-
ronment during the test. Fig. 30b shows synchronization
of the continuously recorded signals for catheter-aortic
pressure (blue) with ECG (bold red) and with the PC-
HEMT sensor signal (thin red: heart cycles plus breath
cycles with a low-pass 20 Hz filter; purple: heart cycles
with a band pass filter of 2-20 Hz). ("AP" in the figure
stands for"aortic pressure", and "SPC" stands for "single-
point cardio", and it is actually the signal recorded by the
PC-HEMT sensor.)

[0134] As can be seen from the recorded data for the
second patient, it was still impossible to obtain the stable
RAP signal. However, it was possible to record a very
stable PC-HEMT signal shown in Fig. 30b. The PC-
HEMT signal exhibited a full heart cycle with two major
characteristic peaks. Upon synchronisation and compar-
ison of the signals in Fig. 30b, it became clear that the
PC-HEMT signals are about 300 ms ahead of the PPG
signals. This experimental evidence supported the phe-
nomenal idea that the physical origin of the signal record-
ed by the PC-HEMT sensor is actually an electric field
accompanied by shown heart motion, which typically
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does not have the pulse transit time behaviour of a pho-
toplethysmograph.

[0135] In the next test, for the third patient, the RAP
signal was recorded in parallel, which was synchronized
with the PPG/ECG and with the PC-HEMT signals and
is shown in Figs. 31a-31b. The RAP signal recorded for
this patient differs from the previous patients showing
some splits. As seen in Fig. 31b, these splits are observ-
able in the PC-HEMT waveform demonstrating a unique
splitting during a heart cycle.

[0136] Another patient with high lung pressure was di-
agnosed in the same laboratory. Reference is made to
Fig. 32a demonstrating synchronization of continuously
recorded signals from catheter RAP (purple line), aortic
pressure (AP, blue line), ECG (red line) and the PC-
HEMT sensor (purple line recording heart cycles with a
band pass filter in the range of 2-20 Hz). This trial was
conducted with small motion artefacts of medical person-
nel and with intensive medical tools usage, including the
RAP-catheter control unit, ECG, PPG, spirometer, ultra-
sound, blood radiometer (blood composition spectral an-
alyser) and ventilator.

[0137] Fig. 32b shows a synchronised graph of the
RAP and PC-HEMT signal. It is clearly seen from the
synchronised graphs that the RAP dynamics is very sim-
ilar to the signal dynamics recorded with the PC-HEMT
sensor. To sum up, the PC-HEMT signals were success-
fully detected at the hospital conditions. Comparison of
the PC-HEMT and AP signals showed a 300 ms time
lead of the former, which is more typical for the RAP
dynamics. Comparison of the PC-HEMT and RAP sig-
nals clearly demonstrates the full time equivalent dynam-
ics for cardiovascular monitoring. In fact, while the RAP
catheter delivers information only about a right heart side,
the PC-HEMT sensor of some embodiments of the
presentapplication is capable of non-invasive measuring
of both the right and left atrium pressures.

Example 4: Single-point clinical tests

[0138] The next set of clinical trials has been conduct-
ed on a single body point sequentially, first on the left
and right wrist positions followed by the measurements
on heart, neck and in oral cavity. All the measurements
were carried out using current amplifier with a 6 dB band-
width filter (0.3-30 Hz) and sensitivity (amp factor) of 200
nA/V with input resistance of 10 kOhm. The single body
heart signals obtained on the left hand are shown in Fig.
33 in zoom-in figures sequence. The single body heart
signals obtained on the right hand are shown in Fig. 34.
The signals recorded at both left and right wrists are
shape-identical but exhibit opposite polarity due to the
natural heart dipole projection in limbs fully conforming
above experiments. Fig. 35 demonstrates the single
point heart signals measured within oral cavity in zoom-
in figures sequence. During the signal recording inside
the oral cavity, the breath oscillations are much smaller
compared with wrist signals and the cardiac signal do
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not anymore exhibit a pronounced upwards or downward
orientation of the sharpest heart polarisation cycle peaks.

Example 5: Demonstration of a huge intrinsic ampli-
fication phenomenon

[0139] A series of experiments on increase of the sig-
nal stability by means of in-plane gating effect is demon-
strated in this example. These experiments show cardi-
ovascular signals well detected indoor in the presence
of surrounding 50 Hz noise in Faraday cage protecting
the sensor. Fig. 36a shows the cardiac signals recorded
at a single body point inside the building exposed to a
power line of 50Hz parasitic electromagnetic field. The
signals were modulated with 50 Hz noise, in-plane Vgg
= -1.6V and amp gain 500, and plotted after 10 Hz LP
filter. Fig. 36b shows the same cardiac signals recorded
with 50 Hz noise, in-plane Vgg = 0V and amp gain 500,
and plotted after 10 Hz LP filter. Thus, despite a strong
parasitic 50 Hz noise, it is possible to detect a cardiac
signals at single body point with rather high signal-to-
noise ratio. This parasitic modulation can be easily fil-
tered out using simple (10 Hz - 20 Hz low pass) mathe-
matical data processing.

[0140] A huge intrinsic amplification phenomenon of
the PC-HEMT sensor is demonstrated in Figs. 37a-37b
showing the cardiac signals recorded at a single body
point inside the building exposed to a power line of 50
Hz parasitic electromagnetic field. In Fig. 37a, the signals
were modulated with 50 Hz noise and amp gain 1000,
and plotted after 10 Hz LP filter, while in Fig. 37b, the
amp gain was zero. Thus, such increase in the amplifi-
cation factor immediately results in the 100% modulation
of the sensor current. Since the PC-HEMT signal is tre-
mendously amplified, it is possible to operate the sensor
without any additional (external) current amplifier, there-
by simplifying an electronic circuit of the sensor and sig-
nificantly lowering its mass production cost.

Example 6: Recording a phonocardiogram (PCG) us-
ing the PC-HEMT sensor

[0141] The PC-HEMT sensor of the present invention
can successfully replace a medical stethoscope used in
listening to the internal sounds of a human body (phono-
cardiography). A series of experiments onrecording elec-
trical signals corresponding to physiological splits of the
second heart sound (S2), while the patient breathes in
and out, from a single spot on the patient’s wrist, is dem-
onstrated in this example.

[0142] Different heart abnormalities cause different
heart sounds resulted from abnormal heart dynamics.
The second heart sound (S2) is created by closing of the
aortic valve followed by closing of the pulmonic valve.
The physiological S2-split phenomena of the heart sound
effect occurs during a deep inspiration and breath hold,
where the second heart sound, which is normally ob-
served as a single objective tone recorded with a steth-
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oscope, is splitting into a two clearly separated sounds,
conditional to normal activity of a healthy heart. Careful
analysis of the splitting and intensity of the S2 can indi-
cate the presence of many cardiovascular diseases. The
splitting varies between zero and eighty milliseconds de-
pending on the specific phase of the respiratory cycle.
The aorticcomponent of S2 (S2A) precedes the pulmonic
component (S2P).

[0143] Using the PC-HEMT sensor makes it possible
to obtain the phonocardiography data from the patient’s
wrist. The actual measurements were conducted for
30-45 sec with holding breath after each inspiration dur-
ing the signal recording. The single point signal recorded
for the cycle of inspiration and breath hold was compared
with the signal obtained during the normal breath. Fig.
38a shows the cardiac signals (four cardiac cycles) re-
corded ata single body point (a wrist) at breath-out phase
(expiration) during the normal breath rhythm, while Fig.
38b shows the cardiac signals recorded at a wrist during
the continuous breath-in for 20-30 sec (deep inspiration).
As shown in Fig. 38b, the signals recorded during the
deep inspiration and breath holding are different from the
expiration cycle signals shown in Fig. 38a. The former
can be easily identified by the splitting of the second
smaller peak into three sub-peaks within the same single
heart cycle.

[0144] Fig. 39 shows the cardiac signals recorded with
the PC-HEMT sensor at the breath-out phase (two cy-
cles) during the normal breath rhythm and time-synchro-
nized with a referential biophysical cardiac dynamics cy-
cle. Fig. 40 shows the cardiac signals (two cycles) re-
corded with the PC-HEMT sensor during continuous
breath-in for 20-30 sec (red solid line) and time-synchro-
nized with a referential biophysical cardiac dynamics cy-
cle. The cardiac signals (two cycles) during the breath-
in phase are shown in the background (blue dashed line).
[0145] The experimental results presented in Figs.
38-40 clearly demonstrates that the characteristic PCG
S2-split into A2-P2 peaks correlates with the peak split-
ting recorded with the present sensor. The signals re-
corded with the PC-HEMT sensor clearly represent the
differences between breath-in and breathe-out phases.
Thus, the PC-HEMT sensor can detect the S2-split phe-
nomena and the whole breath dynamics using the meas-
urements at a single point on a patient’s body and can
be seen as a future substitute for a stethoscope.
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Claims

1. A microelectronic sensor for non-invasive monitoring
of at least one physiological parameter of a patient,
comprising at least one open-gate pseudo-conduc-
tive high-electron mobility transistor (PC-HEMT),
printed on a flexible printed circuit board (PCB) (108),
and connected to its dedicated electrical contact line
(103) printed on said PCB (108);
characterised in that said transistor comprises:

(a) a multilayer hetero-junction structure made
of gallium nitride (GaN) and aluminium gallium
nitride (AlGaN) single-crystalline or polycrystal-
line semiconductor materials, and deposited on
a substrate layer (10) or placed on free-standing
membranes (23);

= said structure comprises (i) one top GaN
layer recessed in an open gate area (17) of
the transistor to the thickness of 5-9 nm and
having the surface roughness of 0.2 nm or
less, (ii) one bottom GaN buffer layer (11),
and (iii) one AlGaN barrier layer (12) in be-
tween; said layers have Ga-face polarity,
thus forming a two-dimensional hole gas
(2DHG) conducting channel (13) in the top
GaN layer, close to the interface with said
AlGaN barrier layer (12); or
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= said structure comprises (i) one top GaN
layer recessed in an open gate area (17) of
the transistor to the thickness of 5-9 nm and
having the surface roughness of 0.2 nm or
less, (ii) one bottom GaN buffer layer (11),
and (iii) one AlGaN barrier layer (12) in be-
tween; said layers have N-face polarity,
thus forming a two-dimensional electron
gas (2DEG) conducting channel (13) in the
top GaN layer, close to the interface with
said AlGaN barrier layer (12); and

(b) source and drain contacts (15) connected to
said 2DEG or 2DHG conducting channel (13)
and to electrical metallizations (14) for connect-
ing said transistor to an electric circuit (102).

The sensor of claim 1, wherein the source and drain
contacts (15) of said transistor are ohmic.

The sensor of claim 1, wherein the electrical metal-
lizations (14) of the transistor are capacitively-cou-
pled to the 2DEG or 2DHG conducting channel (13)
for inducing displacement currents (25), thus result-
ing in said source and drain contacts being non-ohm-
ic.

The sensor of any one of claims 1-3, wherein the
transistor further comprises a dielectric layer (16) de-
posited on top of the multilayer hetero-junction struc-
ture.

The sensor of any one of claims 1-4, wherein the
thickness of the recessed top layer of the transistor
in the open gate area (17) is 6-7 nm, or 6.2 nm to
6.4 nm; and the surface roughness of said recessed
top layer in the open gate area (17)is 0.2 nm or less,
or 0.1 nm or less, or 0.05 nm or less.

The sensor of any one of claims 1-5, further com-
prising:

1) avoltage source (104) connected to said elec-
trical contact line (103) via an electric circuit
(102) for supplying electric current to said tran-
sistor;

2)anintegrated or CMOS current amplifier (105)
connected to said voltage source (104) for am-
plification of an electric current obtained from
said transistor;

3) an analogue-to-digital converter (ADC) with
in-built digital input/output card (106) connected
to said current amplifier (105) for outputting the
converted signal to a user interface (115), ex-
ternal memory or readout module (116);

4) afeedback control microcontroller unit (MCU)
(113) for energy level adjustment and de-trap-
ping via an external or integrated gate electrode
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(30); and

5) a wired or wireless connection module (107)
for connecting said sensor to said user interface
(115), external memory or readout module
(116).

The sensor of any one of claims 1-6, wherein the
transistor further comprises an excitation light
source (120) for irradiating the multilayer hetero-
junction structure, thereby inducing an electric cur-
rentin the 2DEG or 2DHG conducting channel (13).

The sensor of claim 7, wherein said excitation light
source (120) is a laser diode or LED.

The sensor of any one of claims 1-6, further com-
prising:

1) one or two out-input RFID-tag zero-power
fractal antennas (110), each connected to said
electrical contact line (103) via an electric circuit
(102) for receiving or transmitting a signal;

2) a diode input-output separator (111) to sep-
arate polarities in said circuit (102);

3) an integrated circuit (112) for storing and
processing said signal, and for modulating and
demodulating a radio-frequency (RF) signals,
said circuit (112) comprising:

a) a voltage source (104) supplying electric
current to said transistor and to said one or
two antennas (110);

b) an integrated or CMOS current amplifier
(105) for amplification of an electric current
obtained from said transistor;

¢) an analogue-to-digital converter (ADC)
with wireless input/output modules (106)
connected to said current amplifier (105) for
wireless outputting the converted signal to
a user interface (115), external memory or
readout module (116);

d) a microcontroller unit (MCU) (113) for
processing and converting the received sig-
nal into data readable in said user interface
(115), external memory or readout module
(116); and

e) a wireless connection module (107) for
wirelessly connecting said sensor to said
user interface (115), external memory or re-
adout module (116).

10. The sensor of claim 7 or claim 8, further comprising:

1) avoltage source (104) connected to said elec-
trical contact line (103) via an electric circuit
(102) for supplying electric current to said tran-
sistor;

2) a modulated light source (120) for irradiating
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said transistor;

3) a lock-in amplifier (119) connected to said
voltage source (104) for amplification of a signal
with a known carrier wave obtained from said
transistor and increasing the signal-to-noise ra-
tio;

4) an analogue-to-digital converter with in-built
digital input/output card (106) connected to said
lock-in amplifier (119) for outputting the convert-
ed signal to a user interface (115), external
memory or readout module (116);

5) afeedback control microcontroller unit (MCU)
(113) for energy level adjustment and de-trap-
ping via an external or integrated gate electrode
(30); and

6) a wired or wireless connection module (107)
for connecting the sensor to the user interface
(115), external memory or readout module
(116).

The sensor of any one of claims 6-10, further com-
prising at least one of:

1) a reference electrode (20) for remote poten-
tiometric body charge detection, or

2) a gate electrode (30) for discharging parasitic
electric current.

The sensor of any one of claims 6-11, wherein said
external memory is a mobile device, desktop com-
puter, server, remote storage, internet storage or
telemedicine cloud.

A non-invasive method for continuous monitoring of
at least one physiological parameter of a patient
comprising:

1) Contacting a single sensing point on the pa-
tient’s body with, or remotely positioning in a
space against the patient’s body, the microelec-
tronic sensor of any one of claims 1-12;

2) Continuously recording electrical signals re-
ceived from the patient’'s body in a form of a
source-drain electric current of said transistor
over time (defined as Ipg dynamics) with said
sensor;

3) Continuously transmitting the recorded sig-
nals from said sensor to an external memory;
4) Processing the transmitted signals in the ex-
ternal memory, correlating said Ipg dynamics
with the physiological parameter and extracting
the physiological parameter from said signals in
a form of medical data; and

5) Displaying said medical data in a form of a
visual, graphical or mathematical representa-
tion of the Ipg dynamics or any other readable
format, thereby continuously monitoring said
physiological parameter.
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The method of claim 13, wherein said monitored
physiological parameter is selected from a cardiac
output and primary heart activity associated with an
electrocardiogram (ECG), a central venous pressure
(CVP), left and right atrium pressures (LAP and
RAP), a heart rate variability (HRV), a second heart
splitsound (S2) associated with a phonocardiogram,
breath cycle and dynamics, a respiratory rate and
volume relating to lung or pulmonary activity, brain
activity associated with an electroencephalogram, a
stroke volume, breathing related changes of the
stroke volume, a peripheral vascular resistance,
breathing rate and amplitude (tidal volume) and ar-
terial compliance.

The method of claim 13 or claim 14, wherein the step
of contacting the single sensing point on the patient’s
body with the microelectronic sensor is done by fas-
tening a wearable device comprising said sensor to
the wrist of a patient.

The method of claim 13 or claim 14, wherein said
single sensing point on the patient’s body is any pa-
tient’s limb, an arm, an elbow, a forearm, a wrist, a
palm or a finger.

A wearable device comprising:

1) the microelectronic sensor of any one of
claims 1-5, 7-8, or an array thereof (100), insert-
edinan electrolytic contact element (40), where-
in each one of said PC-HEMTs is connected to
its dedicated electrical contact line (103);

2) a battery (104) connected to said electrical
contact lines (103) via an electric circuit (102)
for supplying electric current to said transistors;
3)anintegrated or CMOS current amplifier (105)
connected to said battery (104) for amplification
of an electric current obtained from said transis-
tors;

4) an analogue-to-digital converter (ADC) with
in-built digital input/output card (106) connected
to said current amplifier (105) for wirelessly out-
putting the converted signal to a smartphone or
to a medical-diagnostic telemedicine cloud;

5) a microcontroller unit (MCU) (113) for energy
level adjustmentand de-trapping via an external
or integrated gate electrode (30); and

6) a wireless connection module (107) wireless-
ly connecting said wearable device to a smart-
phone or to a medical-diagnostic telemedicine
cloud.

The wearable device of claim 17, wherein said wear-
able device is a fitness watch or smartwatch.

The wearable device of claim 17 or claim 18, wherein
said wearable device is suitable for use in portable,
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long-time operation within a health, fitness or remote
telemedicine cloud-based diagnostics.

Patentanspriiche

1.

Mikroelektronischer Sensor zur nicht-invasiven
Uberwachung mindestens eines physiologischen
Parameters eines Patienten, umfassend mindes-
tens einen pseudoleitenden Open-Gate-Transistor
mit hoher Elektronenbeweglichkeit (PC-HEMT), der
auf eine flexible gedruckte Leiterplatte (PCB) (108)
gedruckt und mit seiner dedizierten elektrischen
Kontaktleitung (103) verbunden ist, die auf die PCB
(108) gedruckt ist;

dadurch gekennzeichnet, dass der Transistor um-
fasst:

(a) eine mehrschichtige Heterolibergangsstruk-
tur, die aus mono- oder polykristallinen Gallium-
Nitrid (GaN)- und Aluminium-Gallium-Nitrid (Al-
GaN)-Halbleitermaterialien hergestellt und auf
eine Substratschicht (10) abgeschieden oder
auf freistehenden Membranen (23) angeordnet
ist;

= wobei die Struktur (i) eine obere GaN-
Schicht, die in einem Open-Gate-Bereich
(17) des Transistor bis zur Dicke von 5 bis
9 nm vertieft ist und die Oberflachenrauheit
von 0,2 nm oder weniger aufweist, (ii) eine
untere GaN-Pufferschicht (11) und (iii) eine
AlGaN-Sperrschicht (12) dazwischen um-
fasst; wobei die Schichten Ga-face-Polari-
tat aufweisen, wodurch sie einen Leitungs-
kanal (13) fir zweidimensionales Lochgas
(2DHG) in der oberen GaN-Schicht nahe
derBerihrungsflache mitder AIGaN-Sperr-
schicht (12) bilden; oder

= wobei die Struktur (i) eine obere GaN-
Schicht, die in einem Open-Gate-Bereich
(17) des Transistor bis zur Dicke von 5 bis
9 nm vertieft ist und die Oberflachenrauheit
von 0,2 nm oder weniger aufweist, (ii) eine
untere GaN-Pufferschicht (11) und (iii) eine
AlGaN-Sperrschicht (12) dazwischen um-
fasst; wobei die Schichten N-face-Polaritat
aufweisen, wodurch sie einen Leitungska-
nal (13) fiir zweidimensionales Elektronen-
gas (2DEG) in der oberen GaN-Schicht na-
he der Beriihrungsflache mit der AlGaN-
Sperrschicht (12) bilden; und

(b) Source- und Drain-Kontakte (15), die mit
dem 2DEG- oder dem 2DHG-Leitungskanal
(13) und mit elektrischen Metallisierungen (14)
zum Verbinden des Transistors mit einer elek-
trischen Schaltung (102) verbunden sind.
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2. Sensor nach Anspruch 1, wobei die Source- und

Drain-Kontakte (15) des Transistors ohmisch sind.

Sensornach Anspruch 1, wobei die elektrischen Me-
tallisierungen (14) des Transistors mit dem 2DEG-
oder dem 2DHG-Leitungskanal (13) kapazitiv ge-
koppelt sind, um Verschiebungsstrémen (25) zu in-
duzieren, was dazu fihrt, dass die Source- und
Drain-Kontakte nicht ohmisch sind.

Sensor nach einem der Anspriiche 1 bis 3, wobei
der Transistor ferner eine dielektrische Schicht (16)
umfasst, die auf die oberste Schichtder mehrschich-
tigen Heterouibergangsstruktur abgeschieden ist.

Sensor nach einem der Anspriiche 1 bis 4, wobei
die Dicke der vertieften oberen Schicht des Transis-
tors im Open-Gate-Bereich (17) 6 bis 7 nm oder 6,2
nm bis 6,4 nm betragt; und die Oberflachenrauheit
der vertieften oberen Schichtim Open-Gate-Bereich
(17) 0,2 nm oder weniger oder 0,1 nm oder weniger
oder 0,05 nm oder weniger betragt.

Sensor nach einem der Anspriiche 1 bis 5, ferner
umfassend:

1) eine Spannungsquelle (104), die Uber eine
elektrische Schaltung (102) mit der elektrischen
Kontaktleitung (103) verbunden ist, zum Zuftih-
ren von elektrischem Strom zum Transistor;

2) einen integrierten oder CMOS-Stromverstar-
ker (105), der mit der Spannungsquelle (104)
verbunden ist, zur Verstarkung eines elektri-
schen Stroms, der vom Transistor erhalten wird;
3) einen Analog-Digital-Wandler (ADC) mit ein-
gebauter digitaler Eingabe-/Ausgabe-Karte
(106), der mit dem Stromverstarker (105) ver-
bunden ist, zum Ausgeben des umgewandelten
Signals an eine Benutzerschnittstelle (115), ei-
nen externen Speicher oder ein Auslesemodul
(116);

4) eine Mikrocontroller-Einheit (MCU) (113) mit
Ruckfiihrregelung fir Energieniveauanpassung
und Detrapping tiber eine externe oder integrier-
te Gate-Elektrode (30); und

5) ein drahtgebundenes oder drahtloses Verbin-
dungsmodul (107) zum Verbinden des Sensors
mit der Benutzerschnittstelle (115), dem exter-
nen Speicher oder dem Auslesemodul (116).

Sensor nach einem der Anspriiche 1 bis 6, wobei
der Transistor ferner eine Anregungslichtquelle
(120) zum Bestrahlen der mehrschichtigen Hetero-
Ubergangsstruktur umfasst, um dadurch einen elek-
trischen Strom im 2DEG- oder im 2DHG-Leitungs-
kanal (13) zu induzieren.

Sensor nach Anspruch 7, wobei die Anregungslicht-
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quelle (120) eine Laserdiode oder eine LED ist.

9. Sensor nach einem der Anspriiche 1 bis 6, ferner

umfassend:

1) eine oder zwei Ein-/Ausgangs-RFID-Tag-
Nullleistungs- Fraktalantennen (110), die Uber
eine elektrische Schaltung (102) jeweils mit der
elektrischen Kontaktleitung (103) verbunden
sind, zum Empfangen oder Senden eines Sig-
nals;

2) einen Dioden-Ein-/Ausgangs-Separator
(111) zum Trennen der Polaritaten in der Schal-
tung (102);

3) eine integrierte Schaltung (112) zum Spei-
chernund Verarbeiten des Signals und zum Mo-
dulieren und Demodulieren eines Radiofre-
quenz (RF)-Signals, wobei die Schaltung (112)
umfasst:

a) eine Spannungsquelle (104), die dem
Transistor und der einen oder den beiden
Antennen (110) elektrischen Strom zufiihrt;
b) einen integrierten oder CMOS-Stromver-
starker (105), der mit der Spannungsquelle
(104) verbunden ist, zur Verstarkung eines
elektrischen Stroms, der vom Transistor er-
halten wird;

c) einen Analog-Digital-Wandler (ADC) mit
drahtlosen  Eingabe-/Ausgabe-Modulen
(106), der mit dem Stromverstarker (105)
verbunden ist, zum drahtlosen Ausgeben
des umgewandelten Signals an eine Benut-
zerschnittstelle (115), einen externen Spei-
cher oder ein Auslesemodul (116);

d) eine Mikrocontroller-Einheit (MCU) (113)
zum Verarbeiten und Umwandeln des emp-
fangenen Signals in Daten, die in der Be-
nutzerschnittstelle (115), dem externen
Speicher und dem Auslesemodul (116) ge-
lesen werden konnen; und

e) ein drahtloses Verbindungsmodul (107)
zum drahtlosen Verbinden des Sensors mit
der Benutzerschnittstelle (115), dem exter-
nen Speicher oder dem Auslesemodul
(116).

10. Sensor nach Anspruch 7 oder 8, ferner umfassend:

1) eine Spannungsquelle (104), die uber eine
elektrische Schaltung (102) mit der elektrischen
Kontaktleitung (103) verbunden ist, zum Zufiih-
ren von elektrischem Strom zum Transistor;

2) eine modulierte Lichtquelle (120) zum Be-
strahlen des Transistors;

3) einen Lock-in-Verstarker (119), der mit der
Spannungsquelle (104) verbunden ist, zur Ver-
starkung eines Signals mit einer bekannten Tra-
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gerwelle, die vom Transistor erhalten wird, und
Erhéhung des Signal-Rausch-Verhaltnisses;
4) einen Analog-Digital-Wandler mit eingebau-
ter digitaler Eingabe-/Ausgabe-Karte (106), der
mitdem Lock-in-Verstarker (119) verbundeniist,
zum Ausgeben des umgewandelten Signals an
eine Benutzerschnittstelle (115), einen externen
Speicher oder ein Auslesemodul (116);

5) eine Mikrocontroller-Einheit (MCU) (113) mit
Ruckfihrregelung fir Energieniveauanpassung
und Detrapping tiber eine externe oder integrier-
te Gate-Elektrode (30); und

6) ein drahtgebundenes oder drahtloses Verbin-
dungsmodul (107) zum Verbinden des Sensors
mit der Benutzerschnittstelle (115), dem exter-
nen Speicher oder dem Auslesemodul (116).

Sensor nach einem der Anspriiche 6 bis 10, ferner
umfassend mindestens eines von Folgenden:

1) eine Referenzelektrode (20) zur potenziome-
trischen Ferndetektion von Kérperladung oder
2) eine Gate-Elektrode (30) zur Entladung von
parasitarem elektrischem Strom.

Sensor nach einem der Anspriiche 6 bis 11, wobei
der externe Speicher eine mobile Vorrichtung, ein
Tischcomputer, ein Server, ein Remote-Speicher,
ein Internetspeicher oder eine Telemedizin-Cloud
ist.

Nicht-invasives Verfahren zur kontinuierlichen Uber-
wachung mindestens eines physiologischen Para-
meters eines Patienten, umfassend:

1) In-Kontakt-bringen einer einzigen Messstelle
auf dem Korper des Patienten mit dem mikroe-
lektronischen Sensor nach einem der Anspri-
che 1 bis 12 oder entferntes Positionieren des-
selben in einem Raum gegeniiber dem Korper
des Patienten;

2) kontinuierliches Aufzeichnen elektrischer Si-
gnale, die vom Korper des Patienten in Form
eines Source-Drain-Stroms des Transistors im
Zeitablauf (definiert als Ipg-Dynamik) mit dem
Sensor empfangen werden;

3) kontinuierliches Senden der aufgezeichneten
Signale vom Sensor an einen externen Spei-
cher;

4) Verarbeiten der gesendeten Signale im ex-
ternen Speicher, Korrelieren der Ipg-Dynamik
mit dem physiologischen Parameter und Extra-
hieren des physiologischen Parameters aus den
Signalen in Form von medizinischen Daten; und
5) Anzeigen der medizinischen Daten in Form
einer optischen, grafischen oder mathemati-
schen Darstellung der Ipg-Dynamik oder einem
anderen lesbaren Format, um dadurch den phy-
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siologischen Parameter kontinuierlich zu tber-
wachen.

Verfahren nach Anspruch 13, wobei der lGiberwachte
physiologische Parameter aus einer Herzleistung
und einer primaren Herzaktivitat in Verbindung mit
einem Elektrokardiogramm (ECG), einem zentralen
Venendruck (CVP), Driicken im linken und rechten
Atrium (LAP und RAP), Herzfrequenzschwankun-
gen (HRV), einem gespaltenen zweiten Herzton (S2)
in Verbindung mit einem Phonokardiogram, At-
mungszyklus und Atmungsdynamik, einer Atemfre-
quenz und einem Atemvolumen in Bezug auf Lun-
gen- oder pulmonale Aktivitat, Hirnaktivitat in Ver-
bindung mit einem Elektroenzephalogramm, einem
Schlagvolumen, atmungsbedingten Anderungen
des Schlagvolumens, einem peripheren GefalBwi-
derstand, einer Atemfrequenz und -amplitude
(Atemzugvolumen) und Arteriencompliance ausge-
wahlt wird.

Verfahren nach Anspruch 13 oder 14, wobei der
Schritt des In-Kontakt-bringens der Messstelle auf
dem Korper des Patienten mit dem mikroelektri-
schen Sensor durch Befestigen einer am Korper
tragbaren Vorrichtung mit dem Sensor am Handge-
lenk eines Patienten erfolgt.

Verfahren nach Anspruch 13 oder 14, wobei die ein-
zige Messstelle auf dem Korper des Patienten eines
von einer Gliedmale, einem Arm, einem Ellbogen,
einem Unterarm, einem Handgelenk, einer Handfla-
che oder einem Finger eines Patienten ist.

Am Korper tragbare Vorrichtung, umfassend:

1) den mikroelektronischen Sensor nach einem
der Anspriiche 1 bis 5, 7 bis 8 oder eine Anord-
nung davon (100), eingefiigt in ein elektrolyti-
sches Kontaktelement (40), wobei jeder der PC-
HEMTs mit seiner dedizierten elektrischen Kon-
taktleitung (103) verbunden ist;

2) eine Batterie (104), die Uber eine elektrische
Schaltung (102) mit der elektrischen Kontaktlei-
tung (103) verbunden ist, zum Zufilhren von
elektrischem Strom zu den Transistoren;

3) einen integrierten oder CMOS-Stromverstar-
ker (105), der mit der Batterie (104) verbunden
ist, zur Verstarkung eines elektrischen Stroms,
der von den Transistoren erhalten wird;

4) einen Analog-Digital-Wandler (ADC) mit ein-
gebauter digitaler Eingabe-/Ausgabe-Karte
(106), der mit dem Stromverstarker (105) ver-
bunden ist, zum drahtlosen Ausgeben des um-
gewandelten Signals an ein Smartphone oder
an eine medizinischdiagnostische Telemedizin-
Cloud;

5) eine Mikrocontroller-Einheit (MCU) (113) fiir
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Energieniveauanpassung und Detrapping Uber
eine externe oder integrierte Gate-Elektrode
(30); und

6) ein drahtloses Verbindungsmodul (107), das
die am Korper tragbare Vorrichtung drahtlos mit
einem Smartphone oder einer medizinisch-dia-
gnostischen Telemedizin-Cloud verbindet.

Am Korper tragbare Vorrichtung nach Anspruch 17,
wobei die am Koérper tragbare Vorrichtung eine Fit-
ness-Uhr oder eine Smartwatch ist.

Am Korper tragbare Vorrichtung nach Anspruch 17
oder 18, wobei die am Kdrper tragbare Vorrichtung
zur Verwendung in einem mobilen Langzeitbetrieb
innerhalb einer Cloud-basierten Gesundheits-, Fit-
ness- oder Telemedizin-Ferndiagnostik geeignet ist.

Revendications

Capteur microélectronique pour la surveillance non
invasive d’au moins un parametre physiologique
d’'un patient, comprenant au moins un transistor a
haute mobilité d’électrons pseudo-conducteur (PC-
HEMT) a grille ouverte, imprimé sur une carte de
circuitimprimé (PCB) souple (108), et connecté a sa
ligne de contact électrique (103) dédiée imprimée
sur ladite PCB (108) ;

caractérisé en ce que ledit transistor comprend :

(a) une structure a hétérojonction multicouche
composée de matériaux semiconducteurs mo-
nocristallins ou polycristallins de nitrure de gal-
lium (GaN) et de nitrure de gallium et d’alumi-
nium (AlGaN), et déposée sur une couche de
substrat (10) ou placée sur des membranes
autoportantes (23) ;

- ladite structure comprend (i) une couche
de GaN supérieure encastrée dans une zo-
ne a grille ouverte (17) du transistor sur
I'épaisseurde 5a9 nm etayantune rugosité
de surface inférieure ou égale a 0,2 nm, (ii)
une couche tampon de GaN inférieure (11)
et (iii) une couche barriere d’AlGaN (12) en-
tre elles ; lesdites couches ont une polarité
de face Ga, formant ainsi un canal conduc-
teur de gaz de trous bidimensionnel (2DHG)
(13) dans la couche de GaN supérieure,
prés de l'interface avec ladite couche bar-
riere d’AlGaN (12) ; ou

- ladite structure comprend (i) une couche
de GaN supérieure encastrée dans une zo-
ne a grille ouverte (17) du transistor sur
I'épaisseurde 5a9 nm etayantune rugosité
de surface inférieure ou égale a 0,2 nm, (ii)
une couche tampon de GaN inférieure (11)
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et (iii) une couche barriére d’AlGaN (12) en-
tre elles ; lesdites couches ont une polarité
de face N, formant ainsi un canal conduc-
teur de gaz d’électrons bidimensionnel
(2DEG) (13) dans la couche de GaN supé-
rieure, pres de l'interface avec ladite couche
barriere d’AlGaN (12) ; et

(b) des contacts de source et de drain (15) con-
nectés audit canal conducteur 2DEG ou 2DHG
(13) et aux métallisations électriques (14) pour
connecter ledit transistor a un circuit électrique
(102).

Capteur selon la revendication 1, dans lequel les
contacts de source et de drain (15) dudit transistor
sont ohmiques.

Capteur selon larevendication 1, dans lequel les mé-
tallisations électriques (14) du transistor sont cou-
plées de maniére capacitive au canal conducteur
2DEG ou 2DHG (13) pour induire des courants de
déplacement (25), obtenant ainsi lesdits contacts de
source et de drain non ohmiques.

Capteur selon I'une quelconque des revendications
1 a 3, dans lequel le transistor comprend en outre
une couche diélectrique (16) déposée au-dessus de
la structure a hétérojonction multicouche.

Capteur selon I'une quelconque des revendications
1a4,danslequel I'épaisseur de la couche supérieu-
re encastrée du transistor dansla zone a grille ouver-
te (17) estde 6 a 7 nm, oude 6,2 nm a 6,4 nm ; et
la rugosité de surface de ladite couche supérieure
encastrée dans la zone de grille ouverte (17) est in-
férieure ou égale a 0,2 nm ou inférieure ou égale a
0,1 nm ou inférieure ou égale a 0,05 nm.

Capteur selon I'une quelconque des revendications
1 a5, comprenant en outre :

1) une source de tension (104) connectée a la-
dite ligne de contact électrique (103) via un cir-
cuitélectrique (102) pour fournir du courantélec-
trique audit transistor ;

2)un amplificateur de courant intégré ou CMOS
(105) connecté a ladite source de tension (104)
pour I'amplification d’un courant électrique ob-
tenu a partir dudit transistor ;

3) un convertisseur analogique-numérique
(ADC) avec carte d’entrée/de sortie numérique
intégrée (106) connecté audit amplificateur de
courant (105) pour émettre le signal converti
vers une interface utilisateur (115), une mémoi-
re externe ou un module de lecture (116) ;

4) une unité de microcontréleur (MCU) a com-
mande en circuit fermé (113) destinée au régla-
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ge duniveau d’énergie et au dépiégeage viaune
électrode de grille externe ou intégrée (30) ; et
5) un module de connexion filaire ou sans fil
(107) pour connecter ledit capteur a ladite inter-
face utilisateur (115), a ladite mémoire externe
ou audit module de lecture (116).

Capteur selon I'une quelconque des revendications
1 a 6, dans lequel le transistor comprend en outre
une source de lumiére d’excitation (120) pourirradier
la structure a hétérojonction multicouche, ce qui in-
duit un courant électrique dans le canal conducteur
2DEG ou 2DHG (13).

Capteur selon la revendication 7, dans lequel ladite
source de lumiére d’excitation (120) est une diode
laser ou DEL.

Capteur selon I'une quelconque des revendications
1 a 6, comprenant en outre :

1) une ou deux antennes fractales de puissance
nulle a étiquette RFID d’entrée-sortie (110), cha-
cune connectée a ladite ligne de contact élec-
trique (103) via un circuit électrique (102) pour
recevoir ou émettre un signal ;

2) un séparateur d’entrée-sortie de diode (111)
pour séparer des polarités dans ledit circuit
(102);

3) un circuit intégré (112) pour stocker et traiter
ledit signal, et pour moduler et démoduler des
signaux d’une radiofréquence, ledit circuit (112)
comprenant :

a) une source de tension (104) fournissant
du courant électrique audit transistor et
auxdites une ou deux antennes (110) ;

b) un amplificateur de courant intégré ou
CMOS (105) pour I'amplification d’un cou-
rant électrique obtenu a partir dudit
transistor ;

¢) un convertisseur analogique-numérique
(ADC) avec des modules d’entrée/sortie
sans fil (106) connectés audit amplificateur
de courant (105) pour émettre sans fil le si-
gnal converti vers une interface utilisateur
(115), une mémoire externe ou un module
de lecture (116) ;

d) une unité de microcontréleur (MCU)
(113) pour traiter et convertir le signal regu
endonnées lisibles dans ladite interface uti-
lisateur (115), ladite mémoire externe ou le-
dit module de lecture (116) ; et

e) un module de connexion sans fil (107)
pour connecter sans fil ledit capteur a ladite
interface utilisateur (115), a ladite mémoire
externe ou audit module de lecture (116).
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Capteur selon la revendication 7 ou la revendication
8, comprenant en outre :

1) une source de tension (104) connectée a la-
dite ligne de contact électrique (103) via un cir-
cuitélectrique (102) pour fournir du courantélec-
trique audit transistor ;

2) une source de lumiere modulée (120) pour
irradier ledit transistor ;

3) un amplificateur de blocage (119) connecté
a ladite source de tension (104) pour I'amplifi-
cation d'un signal avec une onde porteuse con-
nue obtenue a partir dudit transistor et I'accrois-
sement du rapport signal sur bruit ;

4)un convertisseur analogique-numérique avec
carte d’entrée/sortie numérique intégrée (106)
connecté audit amplificateur de blocage (119)
pour émettre le signal converti vers une interface
utilisateur (115), une mémoire externe ou un
module de lecture (116) ;

5) une unité de microcontréleur (MCU) a com-
mande en circuit fermé (113) destinée au régla-
gedu niveau d’énergie etau dépiégeage via une
électrode de grille externe ou intégrée (30) ; et
6) un module de connexion filaire ou sans fil
(107) pour connecter le capteur a l'interface uti-
lisateur (115), a la mémoire externe ou au mo-
dule de lecture (116).

Capteur selon I'une quelconque des revendications
6 a 10, comprenant en outre au moins I'un parmi :

1) une électrode de référence (20) pour la dé-
tection de charge de corps potentiométrique a
distance, ou

2) une électrode de grille (30) pour décharger le
courant électrique parasite.

Capteur selon I'une quelconque des revendications
6 a 11, dans lequel ladite mémoire externe est un
dispositif mobile, un ordinateur de bureau, un ser-
veur, un stockage a distance, un stockage Internet
ou un nuage informatique de télémédecine.

Procédé non invasif pour la surveillance continue
d’au moins un paramétre physiologique d’un patient,
comprenant :

1) la mise en contact d’un point de détection
unique sur le corps du patient avec le capteur
microélectronique selon I'une quelconque des
revendications 1 a 12, ou le positionnement de
celui-ci a distance dans un espace contre le
corps du patient ;

2) I'enregistrement en continu de signaux élec-
triques regus du corps du patient sous la forme
d’'un courant électrique de source-drain dudit
transistor au fil du temps (défini en tant que dy-
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namique lpg) avec ledit capteur ;

3) la transmission en continu des signaux enre-
gistrés dudit capteur a une mémoire externe ;
4) le traitement des signaux transmis dans la
mémoire externe, la corrélation de ladite dyna-
mique Ipg avec le paramétre physiologique et
I’extraction du parameétre physiologique desdits
signaux sous forme de données médicales ; et
5) l'affichage desdites données médicales sous
forme d’une représentation visuelle, graphique
ou mathématique de la dynamique Ipg ou de
tout autre format lisible, afin de surveiller ainsi
en continu ledit paramétre physiologique.

Procédé selon la revendication 13, dans lequel ledit
paramétre physiologique surveillé est choisi parmi
un débit cardiaque et une activité cardiaque princi-
pale associée a un électrocardiogramme (ECG), une
pression veineuse centrale (CVP), des pressions
des oreillettes gauche et droite (LAP et RAP), une
variabilité de la fréquence cardiaque (HRV), un dé-
doublement de bruit du coeur (S2) associé a un pho-
nocardiogramme, un cycle et une dynamique respi-
ratoires, une fréquence et un volume respiratoires
relatifs a I'activité des poumons ou pulmonaire, I'ac-
tivité  cérébrale associée a un  élec-
troencéphalogramme, un volume systolique, des
changements liés a la respiration du volume systo-
lique, une résistance vasculaire périphérique, la fré-
quence et 'amplitude respiratoire (volume courant)
et la compliance artérielle.

Procédé selon la revendication 13 ou la revendica-
tion 14, dans lequel I'étape de mise en contact du
pointde détection unique surle corps du patientavec
le capteur microélectronique est effectuée par fixa-
tion d’un dispositif portable comprenant ledit capteur
sur le poignet d’un patient.

Procédé selon la revendication 13 ou la revendica-
tion 14, dans lequel ledit point de détection unique
sur le corps du patient est un quelconque membre
du patient, un bras, un coude, un avant-bras, un poi-
gnet, une paume ou un doigt.

Dispositif portable comprenant :

1) le capteur microélectronique selon 'une quel-
conque des revendications 1 a 5, 7 et 8, ou un
réseau de celui-ci (100), inséré dans un élément
de contact électrolytique (40), dans lequel cha-
cun desdits PC-HEMT est connecté a sa ligne
de contact électrique dédiée (103) ;

2) une batterie (104) connectée auxdites lignes
de contact électriques (103) via un circuit élec-
trique (102) pour fournir du courant électrique
auxdits transistors ;

3) un amplificateur de courant intégré ou CMOS
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(105) connecté a ladite batterie (104) pour I'am-
plification d’un courant électrique obtenu a partir
desdits transistors ;

4) un convertisseur analogique-numérique
(ADC) avec carte d’entrée/de sortie numérique 5
intégrée (106) connecté audit amplificateur de
courant (105) pour émettre sans fil le signal con-
verti vers un téléphone intelligent ou vers un
nuage informatique de télémédecine de dia-
gnostic médical ; 10
5) une unité de microcontréleur (MCU) (113)
destinée au réglage du niveau d’énergie et au
dépiégeage via une électrode de grille externe

ou intégrée (30) ; et

6) un module de connexion sans fil (107) con- 15
nectant sans fil ledit dispositif portable a un té-
Iéphone intelligent ou a un nuage informatique

de télémédecine de diagnostic médical.

18. Dispositif portable selon la revendication 17, dans 20
lequel ledit dispositif portable est une montre de
sport ou une montre intelligente.

19. Dispositif portable selon la revendication 17 ou la
revendication 18, dans lequel ledit dispositif portable 25
est approprié pour étre utilisé dans un fonctionne-
ment portable de longue durée, dans le cadre de

diagnostics relatifs a la santé, ala condition physique

ou basés sur nuage informatique de télémédecine.
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Fig. 22 (Prior Art)
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Fig. 23
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Fig. 24a
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Fig. 24b
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