wo 2017/072399 A1 || IO OO0 O AR

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/072399 Al

4 May 2017 (04.05.2017) WIPO I PCT

(51

eay)

(22)

(25)
(26)
(30)

1

International Patent Classification:
GOIN 27/414 (2006.01) HO1L 29/16 (2006.01)
HO1L 29/12 (2006.01) HOI1L 29/423 (2006.01)

International Application Number:
PCT/FI2016/050699

International Filing Date:
7 October 2016 (07.10.2016)

Filing Language: English
Publication Language: English
Priority Data:

15191899.2 28 October 2015 (28.10.2015) EP

Applicant: NOKIA TECHNOLOGIES OY [FI/FI];
Karaportti 3, 02610 Espoo (FI).

(72) Inventors: WHITE, Richard; 24 Old Pound Close, Hem-
ingford Grey, Huntingdon Cambridgeshire PE28 9DY
(GB). MALIK, Surama; 10 Meade House, 2 Mill Park,
Cambridge CB1 2FG (GB). ALLEN, Mark; 7 Chervil
Way, Great Cambourne CB23 6BA (GB). BAILEY,
Mare; 78 Searle Street, Cambridge CB4 3DD (GB).

(74) Agents: NOKIA TECHNOLOGIES OY et al; Ari
Aarnio, I[PR Department, Karakaari 7, 02610 Espoo (FI).

(81) Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

[Continued on next page]

(54) Title: AN APPARATUS AND METHOD FOR SENSING AN ANALYTE, USING A GRAPHENE CHANNEL, QUANTUM
DOTS AND ELECTROMAGNETIC RADIATION

N /13
e “

I
9

11

FiG. 1

(57) Abstract: An apparatus and method wherein the apparat-
us comprises: a graphene field effect transistor comprising
quantum dots (7) coupled to a graphene channel (5); wherein
the graphene field effect transistor is configured to be illumin-
ated by a pulse of electromagnetic radiation (9) and con-
figured to be exposed to a sample (11) such that an output
provided by the graphene field effect transistor, in response to
the pulse of electromagnetic radiation, is dependent upon at
least one analyte within the sample.



WO 2017/072399 A1 AT 00T 00RO

(84) Designated States (unless otherwise indicated, for every SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
kind of regional protection available). ARIPO (BW, GH, GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, .
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, Kz, RU, Tublished:
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, —  with international search report (Art. 21(3))
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE,




10

15

20

25

30

35

WO 2017/072399 PCT/F12016/050699

TITLE

AN APPARATUS AND METHOD FOR SENSING AN ANALYTE, USING A GRAPHENE

CHANNEL, QUANTUM DOTS AND ELECTROMAGNETIC RADIATION

TECHNOLOGICAL FIELD

Examples of the present disclosure relate to an apparatus and method for sensing. In
particular they relate to an apparatus and method for sensing chemical analytes within a

sample.

BACKGROUND

An apparatus for sensing may be configured to sense an analyte within a sample and
produce an output indicative of the analyte. The analyte could be, for example, the
presence of a chemical or group of chemicals within a sample. An electrical sensing

apparatus may be arranged to produce an electrical output indicative of the analyte.

It is desirable to produce better sensing apparatus.

BRIEF SUMMARY

According to various, but not necessarily all, examples of the disclosure there may be
provided an apparatus comprising: a graphene field effect transistor comprising quantum
dots coupled to a graphene channel; wherein the graphene field effect transistor is
configured to be illuminated by a pulse of electromagnetic radiation and configured to be
exposed to a sample such that an output provided by the graphene field effect transistor,
in response to the pulse of electromagnetic radiation, is dependent upon at least one analyte

within the sample.

In some examples the response of the graphene field effect transistor may enable at least

one analyte within the sample to be classified.

In some examples the graphene field effect transistor may comprise a ligand coupled to the

guantum dots.
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In some examples the apparatus may comprise a plurality of graphene field effect

transistors. Different graphene field effect transistors may be configured to provide different
responses to pulses of electromagnetic radiation when the apparatus is exposed to the
sample. Different graphene field effect transistors may have at least one of; different types

of quantum dots, different types of ligands, different thicknesses.

In some examples the apparatus may comprise an emitter configured to provide pulses of
electromagnetic radiation. The emitter may be configured to enable at least one of;
wavelength, power, duration of the pulse of electromagnetic radiation, pulse repetition
frequency of the pulse of electromagnetic radiation to be controlled. The emitter may be
configured to provide a first pulse of electromagnetic radiation at a first time to initiate a
photochemical reaction and a second pulse of electromagnetic radiation at a second time

to obtain a response from the graphene field effect transistor.

In some examples the apparatus may comprise a photodetector coupled to a gate electrode

of a graphene field effect transistor within the apparatus.

In some examples the apparatus may comprise circuitry for monitoring parameters of the
response of the graphene field effect transistor wherein the parameters comprise at least

one of; amplitude, response time constant, recovery time, recovery time constant.

In some examples the apparatus may comprise at least one temperature sensor.

In some examples the apparatus may comprise at least one pressure sensor.

According to various, but not necessarily all, examples of the disclosure there may be

provided a sensing device comprising an apparatus as described above.

According to various, but not necessarily all, examples of the disclosure there may be
provided a method comprising: exposing a graphene field effect transistor to a sample
wherein the graphene field effect transistor comprises quantum dots coupled to a graphene
channel; illuminating the graphene field effect transistor by a pulse of electromagnetic
radiation such that an output provided by the graphene field effect transistor, in response to
the pulse of electromagnetic radiation, is dependent upon at least one analyte within the

sample.
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In some examples the responses of the graphene field effect transistor may enable at least

one analyte within the sample to be classified.

In some examples the graphene field effect transistor may comprise a ligand configured

coupled to the quantum dots.

In some examples the method may comprise positioning a plurality of graphene field effect
transistors within the sample. Different graphene field effect transistors may be configured
to provide different responses to pulses of electromagnetic radiation when the plurality of
graphene field effect transistors are exposed to the sample. Different graphene field effect
transistors may have at least one; of different types of quantum dots, different types of

ligands, different thicknesses.

In some examples the method may comprise controlling at least one of; wavelength, power,
duration of the pulse of electromagnetic radiation, pulse repetition frequency of the pulse of

electromagnetic radiation.

In some examples the method may comprise providing a first pulse of electromagnetic
radiation at a first time to initiate a photochemical reaction and a second pulse of
electromagnetic radiation at a second time to obtain a response from the graphene field

effect transistor.

In some examples the method may comprise providing a photodetector coupled to a gate

electrode of the graphene field effect transistor.

In some examples the method may comprise monitoring parameters of the response of the
graphene field effect transistor wherein the parameters comprise at least one of; amplitude,
response time constant, recovery time, recovery time constant.

In some examples the method may comprise monitoring the temperature of the sample.

In some examples the method may comprise monitoring pressure within the sample.

BRIEF DESCRIPTION
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For a better understanding of various examples that are useful for understanding the

detailed description, reference will now be made by way of example only to the
accompanying drawings in which:

Fig. 1 schematically illustrates an apparatus;

Fig. 2 schematically illustrates an apparatus;

Fig. 3 schematically illustrates an apparatus;

Fig. 4 illustrates a method;

Figs. 5A to 5C illustrate an example circuit and corresponding plots of current; and

Figs. 6A to 6D illustrate another example circuit and corresponding plots of current.

DETAILED DESCRIPTION

The figures illustrate example methods and apparatus 1. Fig. 1 schematically illustrates an
apparatus 1 according to examples of the disclosure. The apparatus 1 comprises: a
graphene field effect transistor 3 comprising quantum dots 7 coupled to a graphene channel
5; wherein the graphene field effect transistor 3 is configured to be illuminated by a pulse of
electromagnetic radiation 9 and configured to be exposed to a sample 11 such that an
output provided by the graphene field effect transistor 3, in response to the pulse of

electromagnetic radiation 9, is dependent upon at least one analyte within the sample 11.

The apparatus 1 and methods may be used for sensing. In particular the apparatus 1 and
methods may be used to sense analytes such as chemical analytes within a sample 11.
The apparatus 1 may be an electronic apparatus which may be configured to provide an
electronic output indicative of analytes within the sample 11. The electronic outputs may
be processed to enable identification of chemical analytes within the sample. In some
examples the apparatus 1, or a plurality of apparatus 1, may be provided within a sensing

device.

Fig. 1 schematically illustrates an example apparatus 1. The example apparatus 1
comprises a graphene field effect transistor 3 (GFET). The GFET 3 is positioned within the
apparatus 1 so that the GFET 3 may be illuminated by a pulse of electromagnetic radiation
9. The GFET 3 is positioned within the apparatus 1 so that when the apparatus 1 is exposed

to the sample 11 chemicals within the sample may interact with the GFET 3.

The GFET 3 comprises a graphene channel 5. The graphene channel 5 may be provided

between source and drain electrodes. The graphene within the graphene channel 5 may be
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provided in a thin layer. In some examples the graphene may have a thickness in the range

of nanometers. In some examples the graphene may comprise an atomic monolayer.

In the example apparatus 1 of Fig. 1 quantum dots 7 are coupled to the graphene channel
5. In the example of Fig. 1 the quantum dots 7 are provided overlaying the graphene
channel 5. In other examples the quantum dots 7 may be provided within and/or adjacent

to the graphene channel 5.

The quantum dots 7 may comprise a nanocrystal in which there is quantum confinement in
all three dimensions. The quantum dots 7 may comprise any suitable material. The material
that is used for the quantum dots 7 may be chosen dependent upon the analytes that are
to be detected, the parameters of the pulse of electromagnetic radiation 9 or any other
suitable factor. In some examples the quantum dots 7 may comprise lead sulphide,
cadmium sulphide, cadmium selenide, germanium, lead selenide, lead telluride or any other

suitable material.

The quantum dots 7 may be positioned within the apparatus 1 so that the pulse of
electromagnetic radiation 9 is incident on the quantum dots 7. The quantum dots 7 may
convert the incident pulse of electromagnetic radiation 9 into electrical charge. The changes
in charge distribution within the quantum dots 7 may be detected by the graphene channel

5 which produces a measureable electrical response.

In some examples the quantum dots 7 may generate excitons in response to the pulse of
electromagnetic radiation 9. The excitons may be separated into electron-hole pairs and
either the holes or electrons are removed by the graphene channel 5. This provides a
doping effect in the graphene channel 5 so that the output of the GFET 3 is indicative of the

charges generated by the quantum dots 7.

In some examples a ligand may be provided within the GFET 3. The ligand may be coupled
to the quantum dots 7. The ligand may be provided on the surface of the quantum dots 7.
The ligand may affect charge transfer between respective quantum dots 7 and/or between
guantum dots 7 and the graphene channel 5. In some examples the ligand may be arranged
within the quantum dots 7 to maintain a separation distance between quantum dots 7.

Different ligands may be used to provide different distances between quantum dots 7.
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In some examples the ligand may be configured to connect the quantum dots 7 to each

other. In some examples the ligand may be configured to connect the quantum dots 7 to

the graphene channel 5.

The ligand may comprise any suitable material. The material that is used for the ligand may
be chosen dependent upon the analytes that are to be detected, the parameters of the pulse
of electromagnetic radiation 9, the materials used for the quantum dots 7 or any other
suitable factor. In some examples the ligand may comprise alkanedithiol, where the alkane
comprises methane, ethane, propane, butane or any other suitable alkane, alkanethiol,

amine such as butylamine, pyridine or any other suitable material.

The apparatus 1 is configured to be illuminated by a pulse of electromagnetic radiation 9.
The pulse of electromagnetic radiation 9 may be provided by an emitter 13. In some
examples the emitter 13 may be part of the apparatus 1. In other examples the emitter 13
may be provided separate to the apparatus 1. A waveguide may be provided to direct the

electromagnetic radiation 9 to the GFET 3.

The pulse of electromagnetic radiation 9 may comprise any suitable type of electromagnetic
radiation. In some examples the pulse of electromagnetic radiation 9 may comprise visible
light, ultraviolet (UV) and/or infra red (IR) wavelength light or any other suitable

wavelengths.

In some examples the emitter 13 may be configured to enable parameters of the pulse of
electromagnetic radiation 9 to be controlled. The parameters of the pulse of
electromagnetic radiation 9 may comprise wavelength, power duration of the pulse of
electromagnetic radiation 9, pulse repetition frequency of electromagnetic radiation 9 or any
other suitable parameter. This may enable a pulse of electromagnetic radiation 9 having
particular characteristics parameters to be used to illuminate the apparatus 1. The values
that are chosen for the parameters may depend on factors such as the material within the
guantum dots 7, the ligands used in the GFET, the analytes to be detected within the sample

11 or any other suitable factor.

In the example of Fig. 1 the apparatus 1 is exposed to a sample 11. The apparatus 1 is
configured to be exposed to the sample 11 such that the pulse of electromagnetic radiation

9 passes through the sample 11 before it is incident on the apparatus 1. In some examples
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the apparatus 1 may be positioned within a sample 11. In some examples the sample 11

may flow over the apparatus 1.

It is to be appreciated that other arrangements of the apparatus 1 and emitter 13 could be
used in other examples of the disclosure. For instance, in some examples the GFET 3
could be provided on a substrate which may be arranged to guide the pulse of
electromagnetic radiation 9 from the emitter 13 onto the GFET 3. The substrate may
comprise glass or any other suitable material. In such examples the pulse of
electromagnetic radiation 9 would pass through the graphene channel 5 and then be
incident on the quantum dots 7. In such examples the pulse of electromagnetic radiation 9
would not pass through the sample 11 before it is incident on the quantum dots 7. Such
arrangements may be advantageous for use with samples 11 which are not transparent to

the pulse of electromagnetic radiation 9.

The sample 11 may comprise a fluid such as a gas or liquid. The sample 11 may comprise
one or more chemical analytes. The chemical analytes within the sample 11 may interact
with the quantum dots 7 and/or ligands of the GFET. This interaction may affect the time
taken for charge transfer between the quantum dots 7 and the graphene channel 5. The
time taken for the charge transfer may increase or decrease depending on the materials

and analytes involved.

When the apparatus 1 is illuminated with a pulse of electromagnetic radiation 9 the pulse
causes a change in charge distribution within the quantum dots 7 which causes a response
to be provided by the GFET 3. The profile of the response provided by the GFET 3 is
dependent upon the time taken for charge transfer between the quantum dots 7 and the
graphene channel 5. The profile of the response provided by the GFET 3 may comprise
amplitude, response time constant, recovery time, recovery time constant or any other
suitable parameter. When the apparatus 1 is exposed to a sample 11 the time taken for
charge transfer between the quantum dots 7 and the graphene channel 5 is dependent
upon whether or not any analytes have interacted with the quantum dots 7 and/or ligand.
Therefore the profile of the response provided by the GFET 3 when an analyte is present is
different to the response provided when the analyte is not present. This enables the

response of the GFET 3 to be used to provide an indication of the presence of an analyte.

In some examples a ligand may be provided within the GFET 3. The ligand may be

configured to connect the quantum dots 7 to each other and/or to the graphene channel 5.
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The presence of the ligand may also affect the charge transfer between the quantum dots

7 and the graphene 7. As the charges are transferred from the quantum dots 7 to the ligand
and then from the ligand to the graphene channel 5 the response which is provided by the
GFET 3 is dependent upon the ligand which is used. In some examples the analytes within
the sample 11 may interact with the quantum dots 9 and/or the ligand. This interaction may
change the rate at which charge may be transferred between the quantum dots 7 and the

graphene channel 5 and so may change the profile of the output provided by the GFET 3.

It is to be appreciated that the interaction of the chemical analytes with the quantum dots 7
and/or ligands may comprise any one or more of a plurality of different effects. For instance
the absorption of a chemical by a layer of quantum dots 7 may change the dielectric
environment, may cause a change in the separation between quantum dots 7, may cause
a change in the band structure of the graphene, quantum dot 7 structure or any other
suitable means. It is to be appreciated that it is not necessary to identify the mechanism
which causes the change in the charge transfer as the presence of the analyte may be

identified by the profile of the response of the GFET 3.

Therefore by using quantum dots 7 and/or ligands that interact with an analyte the apparatus
1 may be configured to sense the analyte. When a pulse of electromagnetic radiation 9 of
known wavelength and duration is incident on the apparatus 1 the response which is
provided by the GFET 3 will be dependent upon whether or not the analyte is present in the
sample 11. The profile of the output provided by the GFET 3 can be processed to determine

whether or not an analyte is present in the sample 11.

The use of the pulses of electromagnetic radiation 9 enables transient behaviour of the
GFET 3 to be used to characterize analytes within samples 11. When the pulse of
electromagnetic radiation 9 is initially incident on the apparatus 1 the current in the graphene

channel 5 increases with time. The increase in the current Alps may be described by:

Alps = Ali(1 - exp(-t/T1)) + Aly(1 - exp(~t/12)),

The increase in the current Alps is dependent upon two relaxation times. The first relaxation
time 14 corresponds to charge transfer from the quantum dots 7 to the graphene channel 5.
For example it may correspond to the transfer of holes from the quantum dots 7 to the

graphene channel 5. The second relaxation time 1, corresponds to charge transfer between
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the quantum dots 7. The first relaxation time may be shorter than the second relaxation

time.

When the pulse of electromagnetic radiation 9 ends the current in the graphene channel 5

decreases with time. The decrease in current may be described by:

Alps = Als exp(-t/13) + Aly exp(—t/14)

The decrease in the current Alps is also dependent upon two relaxation times. The third
relaxation time 13 corresponds to charge transfer from the quantum dots 7 to the graphene
channel 5. This may represent the lifetime of electrons in the quantum dots 7 before they
transfer to the graphene channel 5. The fourth relaxation time 14 corresponds to charge
transfer between the quantum dots 7. The third relaxation time may be shorter than the

fourth relaxation time.

Each of these different relaxation times may be dependent upon the materials used for
quantum dots 7 and/or ligands. The relaxation times may be affected by the presence of
an analyte and whether the analyte interacts with the quantum dots 1 and/or the ligands.
The profile of the response which is provided by the GFET 3 is dependent on these

relaxation times and so analysing these profiles may enable the analyte to be identified.

In some examples the apparatus 1 may be used to detect a plurality of analytes within a
sample 11. For instance, a plurality of different analytes within a sample 11 may contribute
a characteristic time constant to the output Alps. In such examples the output provided by
the GFET 3 would be the sum of these contributions. The relative concentration of the
analyte or analytes present in the sample 11 may be determined by examining the
component amplitudes in Alps for respective characteristic time constants associated with

the analyte or analytes.

It is to be appreciated that this example of the response provided by the apparatus 1 may
be used to enable data obtained from the apparatus 1 to be analysed. Other models may
be used in other example apparatus 1. The models that may be used to enable data to be
analysed may depend upon the mechanisms of charge transfer between the quantum dots
7 and the graphene channel 5 and/or the sequences of pulses of electromagnetic radiation

9 that are used to illuminate the apparatus 1 and/or any other suitable factors.
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Fig. 2 schematically illustrates another example apparatus 1. The example apparatus 1

comprises a graphene field effect transistor 3 (GFET) which may be as described above.
Corresponding reference numerals are used for corresponding features. The GFET 3 is
also positioned within the apparatus 1 so that the GFET 3 may be illuminated by a pulse of

electromagnetic radiation 9.

The GFET 3 in the example illustrated in Fig. 2 comprises a source electrode 21 and a drain
electrode 23. The graphene channel 5 is provided between the source electrode 21 and
the drain electrode 23 so that current flows from the source electrode 21 to the drain

electrode 23 through the graphene channel 5.

The source and drain electrodes 21, 23 may comprise any suitable electrically conductive
material. In some examples the source and drain electrodes 21, 23 may comprise a metal

such as silver, copper or any other suitable material.

The source electrode 21, drain electrode 23 and the graphene channel 5 are provided on a
dielectric layer 25. The dielectric layer 25 may comprise any suitable electrically insulating

material.

In the example of Fig. 2 the GFET is provided on a glass substrate 27. The glass substrate
27 may be arranged to support the source electrode 21, drain electrode 23 and the

graphene channel 5.

In the example of Fig. 2 the quantum dots 7 are provided in a layer overlaying the graphene
channel 5. The quantum dots 7 may be provided in a very thin layer. In some examples

the thickness of the quantum dot layer may be of the order of 10 to 500nm.

The gquantum dots 7 are configured to perform the function of a gate electrode within the
GFET 3 by controlling the flow of current between the source electrode 21 and the drain
electrode 23 through the graphene channel 5. In the example of Fig. 2 the quantum dots 7
are configured so that the pulse of incident electromagnetic radiation 9 passes through the
sample 11 and is incident on the quantum dots 7. The incident pulse of electromagnetic
radiation 9 causes a change in the charge distribution within the quantum dots 7 which
gates the graphene channel 5. The presence of the sample 11 may affect the charge

transfer between the quantum dots 7 and the graphene 7 and may enable the GFET 3 to
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produce a response which enables an analyte or a plurality of analytes within the sample

11 to be classified.

The classification of one or more analytes within a sample 11 may enable a condition of the
sample 11 or an entity associated with a sample to be identified. For instance, some
diseases give rise to multiple chemical markers in the breath. By analysing a sample
obtained from the breath of a patient a combination of markers may be identified by an

apparatus 1.

Fig. 3 schematically illustrates another apparatus 1. The example apparatus 1 of Fig. 3
comprises a plurality of GFETs 3. In the example of Fig. 3 five GFETs are provided. Itis
to be appreciated that any number of GFETs could be provided in other example apparatus
1.

Each of the GFETs 3 in Fig. 3 comprises a source electrode 21, drain electrode 23 graphene
channel 5 and layer of quantum dots 7 as described in relation to Fig. 2. In the example of
Fig. 3 each of the GFETs 3 are provided on the same glass substrate 27 and the same layer
of dielectric 25. The GFETS 3 may be provided so that each of the GFETs 3 may be
individually addressed and an individual output may be obtained from each of the GFETs
3.

In the example of Fig. 3 the plurality of GFETs 3 are arranged so that they are all exposed
to the same sample 11. The sample 11 comprises a plurality of different analytes 31A, 31B,
31C. The plurality of GFETs 3 may be arranged so that different GFETs 3 within the
apparatus provide different responses to the same sample 11. For instance, different
GFETs 3 within the apparatus 1 may enable different analytes 31A, 31B, 31C to be
detected. The different responses may be used to analyse the sample 11. The different

responses may enable one or more of the analytes 31A, 31B, 31C to be identified.

To enable different GFETs 3 within the apparatus 1 to provide different responses different
GFETs 3 may be configured with different arrangements of quantum dots 7 and/or ligands.
For instance in some examples different GFETs 3 may comprise quantum dots 7 of different
materials or different combinations of materials. In some examples the layers of quantum
dots 7 may have different thicknesses. GFETs 3 having layers of quantum dots 7 with

different thicknesses may comprise the same material for the quantum dots 7 or different
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materials and/or combinations of materials. In some examples different GFETs 3 may

comprise different ligands or combinations of ligands.

In the particular example of Fig. 3 each of the GFETs 3 is arranged to provide a different
response profile in response to the sample 11. In some examples two or more GFETs 3
may be arranged to detect the same analyte but may have different sensitivities to the same
analyte. This may enable a quantitative analysis of the presence of an analyte within the

sample 11.

In the particular example of Fig. 3 the first GFET 3A comprises quantum dots 7 of material
A and a ligand comprising material X. The second GFET 3B comprises quantum dots 7 of
material B and a ligand comprising material X so that the first and second GFETs 3A, 3B
comprise different types of quantum dots 7 but the same ligand. The third GFET 3C
comprises quantum dots 7 of material A and a ligand comprising material Y. The fourth
GFET 3D comprises quantum dots 7 of material A and a ligand comprising material Z. That
is, the first, third and fourth GFETs 3A, 3C 3D comprise the same types of quantum dots 7
but each have different ligands. The fifth GFET 3D comprises quantum dots 7 of material
A and a ligand comprising a combination of material X and material Z so that the fifth GFET
3E has a different type of ligand to the first, third and fourth GFETs 3A, 3C, 3D.

It is to be appreciated that other variations in the arrangements of the ligands and/or
guantum dots 7 may be used in other examples of the disclosure. In some examples two
of more layers of quantum dots 7 may be provided in a single GFET 3. The different layers
of quantum dots could have the same or different ligands. In such examples charge must
be transferred from the first layer of quantum dots to the second layer of quantum dots and
any other subsequent layers before it is transferred to the graphene channel 5. This causes
the profile of the response of the GEFT 3 to be dependent on the rate of the transfer of
charges between the layers of quantum dots 7 and whether or not the presence of any

analytes have affected this charge transfer.

The variations in the arrangements of the ligands and/or quantum dots 7 may enable
outputs having different profiles to be provided by different GFETs 3. The different outputs
may be dependent on the analytes within the sample 11. The plurality of different outputs

may enable information indicative of the analytes within the sample 11 to be obtained.
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Any suitable method may be used to classify the one or more analytes within a sample 11.

In examples a data vector may be generated. The data vector may comprise a plurality of
different dimensions where the different dimensions correspond to different parameters of
the response of the GFET 3. In some examples the different parameters could comprise
the different time constants, the magnitude of the response, time lags within the response
or any other suitable parameters. The obtained data vector may then be processed to
enable the data to be classified. Any suitable technique may be used to process the data
vector. In some examples use techniques such as principal components analysis, linear or
quadratic discriminant analysis, or any other suitable technique may be used to project the
original data vector into a reduced dimension coordinate system to enable patterns or

correlations to be identified.

In the example of Fig. 3 different responses are obtained by providing GFETs 3 with different
arrangements of ligands and/or quantum dots 7. In other examples other means may be
used to obtain different response. For instance, in some examples different GFETs 3 could
be illuminated with different pulses of electromagnetic radiation 9. The pulses of
electromagnetic radiation 9 may induce photochemical reactions of the sample 11 with the
gquantum dots 7 and/or ligands such that varying the parameters of the pulses of
electromagnetic radiation 9 enables a different response to be provided. The different

pulses of electromagnetic radiation 9 could have different wavelengths, power or durations.

The apparatus 1 may be calibrated so that analytes can be identified easily. In some
examples the apparatus 1 could be calibrated by using one or more samples 11 of known
composition of chemical analytes to obtain one or more signature responses. The
composition of a test sample 11 can then be analysed by comparing an output obtained

with the test sample 11 with the output obtained by a calibration sample 11.

It is to be appreciated that in some examples the apparatus 1 may comprise additional
components that are not illustrated in Figs. 1 to 3. For instance, in some examples the
apparatus 1 may comprise circuitry which may enable parameters of the response of the
GFET 3 to be monitored. The circuitry may enable parameters such as amplitude, response
time constant, recovery time, recovery time constant or any other suitable parameter to be
monitored. The monitoring of the response of the GFET 3 may enable analytes within the

sample 11 to be identified.
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In some examples the apparatus 1 may comprise additional sensors that may be arranged

to sense other parameters that could affect the output of the GFET 3. The outputs of the
additional sensors may be used to correct the output of the GFET 3 for variations in these
parameters. In some examples the apparatus 1 may comprise a temperature sensor which
may be configured to determine the temperature of the sample 11 and/or the apparatus 1.
In some examples a plurality of temperature sensors may be provided. The plurality of
temperature sensors may be provided in different positions within the apparatus 1. For
instance a first temperature sensor may be provided within the gas inlet system, a second
temperature sensor may be provided within an array of the GFETs 3 and a third temperature

sensor may be provided in an exhaust outlet.

In some examples a pressure sensor, such as a gas pressure sensor may be provided to
monitor the pressure within the sample 11. In some examples the apparatus 1 may
comprise a strain sensor which may be configured to detect any deformation of the

apparatus 1.

In some examples the apparatus 1 may comprise one or more filters. The filters may
comprise any means which may be configured to prepare the sample 11 before it is incident
on the GFET 3.

In some examples the filters may comprise chromatography matrices or any other suitable
filters. The chromatography matrices may be configured so that only certain chemical

species from the sample 11 are incident on the GFETs 3.

In some examples the one or more filters may be configured to remove particles from the
sample which could block the pulse of electromagnetic radiation 9 from the GFET 3. For
instance particles such as PM10 and PM25 are commonly found in car exhaust fumes and

may physically block light from reaching the GFETs 3.

In some examples the apparatus 1 may comprise means for splitting the sample into two or
more different component samples. The different component samples may then be
analysed under different conditions. For instance in some examples the splitter may be
configured to split the sample into two different component samples. The first component
sample may be analysed as a humid sample. The humid sample may comprise water mixed
in with the sample. The second component sample may be dried by removing the water

through condensation or passing the second component sample through a desiccant or any
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other suitable means. The second component may then be analysed as a dried sample.

Both of the samples may be analysed by providing pulses of electromagnetic radiation 9
when the apparatus 1 is positioned in the respective component samples. The two different
results can be compared to determine the effect of water on the performance of the
apparatus 1. In some examples a mathematical calibration system can be developed by
exposing control apparatus 1 to gases of known humidity to model the effect of changing

concentration of water within the sample 11.

Fig. 4 illustrates a method. The method may be used to enable a sample 11 to be analysed.
The method may be used to enable an apparatus 1 such as the example apparatus 1 of

Figs. 1 to 3 to be used to analyse a sample.

The method comprises, at block 41, exposing a graphene field effect transistor 3 to a sample
wherein the graphene field effect transistor 3 comprises quantum dots 7 coupled to a
graphene channel 5. The method also comprises, at block 43, illuminating the graphene
field effect transistor 3 by a pulse of electromagnetic radiation 9 such that an output provided
by the graphene field effect transistor 3, in response to the pulse of electromagnetic

radiation 9, is dependent upon at least one analyte within the sample 11.

Fig. 5A illustrates a circuit of an example apparatus 1. The circuit enables synchronization
of the response to the GFET 3 to the pulse of electromagnetic radiation 9 which may enable

the time constants of the response of the GFET 3 to be measured.

The example circuit of Fig. 5A comprises a GFET 3 with a layer of quantum dots 7 where
the quantum dots 7 function as a gate electrode. The GFET 3 is coupled to biasing circuitry
53. The biasing circuitry may comprise any means which may be arranged to set the back
gate voltage Vg of the GFET 3. In the example of Fig. 5A the biasing circuitry 53 comprises
two impedance components. The first impedance component is a resistor Ry and the

second impedance component is a light-sensitive reference component Z.r.

The light-sensitive reference component Z..s may comprise any means which enables the
back gate voltage Vg to be modulated in response to an incident pulse of light or other
suitable electromagnetic radiation 9. The light-sensitive reference component Z..s may be
configured to provide an offset level or peak in the drain current which is dependent upon
an incident pulse of electromagnetic radiation 9. The light-sensitive reference component

Zr may be configured to have a faster response to a pulse of electromagnetic radiation 9
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than the quantum dots 7 so that the light-sensitive reference component Z.s enables

accurate synchronization for measurements of time constants of the response of the GFET
3.

In the example of Fig. 5A the light-sensitive reference component Z..s comprises a high
speed photodetector 51. The high speed photo detector 51 may comprise any suitable

component such as a photodiode.

The biasing circuitry 53 is arranged so that the current through the graphene channel 5 is
determined by both the charge distribution in the quantum dots 7 and also modulation of

the back gate voltage Vs caused by the light-sensitive reference component Zye.

Fig. 5B is a plot of current lss though the graphene channel 5 against back gate voltage Vs
. The plot shows the shift in bias point as a function of modulation of the back gate voltage
Vgs. When back gate voltage Vs is below the Dirac point the dominant conduction is p-type
(holes) and when the back gate voltage Vs is above the Dirac point the dominant conduction
is n-type (electrons). The plot of Fig. 5B shows a shift in the transfer curve when the GFET

3 is biased to exhibit n-type doping. P-type doping may be provided in other examples.

Fig. 5C is a plot of current though the graphene channel 5 against time as the pulse of
electromagnetic radiation 9 is pulsed on and off. The light-sensitive reference component
Z.ssmay be configured so that the impedance only changes when there is a change in the

flux of light or other incident electromagnetic radiation 9.

In the example of Fig. 5C the resistance of the light-sensitive reference component Z.
decreases momentarily when the light is turned on and returns to a base level within a time
much shorter than the time constants of the quantum dots 7 in the GFET 3. Similarly the
resistance of the light-sensitive reference component Z.s increases momentarily when the
light is turned off. This modulation of light-sensitive reference component Z.s causes a
change in the back gate voltage Vgs. That is when the light is turned on there is momentary
decrease in the back gate voltage Vg and when the light is turned off there is a momentary
increase. The momentary increase lasts for a period of time which is shorter than the time
constants of the charge transfer through the quantum dots 7. This causes a momentary
offset in the current through the graphene channel 5. This momentary offset in the current

through the graphene channel 5 provides a synchronization signal.
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In the example of Figs. 5A to 5C the current increases when the light is turned off and

decreases when the light on. It is to be appreciated that if the GFET 3 is biased into the p-
doped region rather than n-doped region as shown in Fig. 5B then the current could

decrease when the light is turned off and increase when the light is turned on.

Fig. 6A illustrates another example circuit. The circuit of Fig. 6A is similar to the circuit of
Fig. 5A and corresponding reference numerals are used for corresponding features. In Fig.

6A the light-sensitive reference component Z..s comprises a photodiode 61.

Fig. 6B is a plot of back gate voltage and current though the graphene channel 5. The plot
shows the shifts in bias point as a function of modulation of the back gate voltage V¢ due
to the photodiode 61. The plot shows the two different operating points when the light is

turned on compared to when the light is turned off.

Fig. 6C is a plot of transconductance gm of the GFET 3 against the back gate voltage V.
The transconductance gm may be optimised so that the rising or falling edges of the current

exhibit the same amplification or so that one is amplified more than the other.

Fig. 6D is a plot of current though the graphene channel 5 against time as the pulse of
electromagnetic radiation 9 is pulsed on and off. In the example of Figs. 6A to 6D the
photodiode 61 causes an offset in the back gate voltage Vs for the entire duration of the

pulse of electromagnetic radiation 9.

When the light is turned off there is no incident pulse of electromagnetic radiation 9 on the
photo diode 61. The back gate voltage Vg will be higher and the corresponding offset
current will also be higher. When the light is then turned on the gating of the graphene
channel 5 by the quantum dots 7 causes the current though the graphene channel 5 to

decrease.

When the light is turned on there is a pulse of electromagnetic radiation 9 incident on the
photo diode 61. The back gate voltage Vs will be lower and the corresponding offset current
will also be lower. When the light is then turned off the gating of the graphene channel 5 by

the quantum dots 7 causes the current though the graphene channel 5 to increase.

In the examples of Figs. 5A to 6D the biasing circuitry 53 is coupled to a gate electrode of
the GFET 3. Only one GFET 3 is shown in Figs. 5A and 6A however it is to be appreciated
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that biasing circuitry 53 could be provided in apparatus 1 comprising a plurality of GFETs

3. In some examples the plurality of GFETs 3 may share a common gate electrode and the
biasing circuitry 53 may be coupled to the shared electrode. In other examples each GFET
3 may have an individually controlled back gate electrode and each of these electrodes

could be coupled to different biasing circuitry 53.

In the above described examples the pulse of electromagnetic radiation 9 activates the
charge transfer from the quantum dots 7 to the graphene channel so that the chemical effect
of the sample 11 can be identified. In some examples the pulse of electromagnetic radiation
9 may induce photochemical reaction of the chemicals within the sample 11. For instance,
the emitter 13 may be configured to provide a first pulse of electromagnetic radiation 9 at a
first time and a second pulse of electromagnetic radiation 9 at a second time. The first pulse
of electromagnetic radiation 9 may initiate a photochemical reaction within the sample 11.
The second pulse of electromagnetic radiation 9 may be used to obtain a response from
the GFET 3 which provides an indication of the effect of the photochemical reaction with the

sample 11.

The nature of the induced photochemical reactions is dependent upon the composition of
the sample 11, the wavelength, power and duration of the pulse of electromagnetic radiation
9 and the materials used for quantum dots 7 and/or ligands. Therefore the output provided
by the GFETs 3 may be dependent on whether or not the pulse of electromagnetic radiation
9 induces a photochemical reaction. This may enable further information about the sample

11 to be obtained using apparatus 1 and methods as described above.

In some examples the apparatus 1 and emitter 13 may be configured so that all of the
GFETs 3 within an apparatus 1 measure the response after a photochemical reaction has
been induced. In other examples the apparatus 1 and emitter 13 could be arranged so that
the photochemically activated sample 11 is only incident on a subset of the GFETs 3. This
may enable the apparatus 1 to be used to obtain information about the non-activated sample

11 and the results of the photochemical reaction within the sample 11.

In some examples the sample 11 may be exposed to the electromagnetic radiation 9 before
the sample 11 is provided to the apparatus 1. This may enable the end products of the
photochemical reactions to be identified. In some examples a reactant may be added to

the sample 11 where the reactant is known to photochemically react with an analyte to
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produce an end product which interacts the with quantum dots 7 and/or ligands of the

apparatus 1.

In some examples different GFETs 3 within an apparatus 1 may be illuminated at different
times. If the sample 11 is flowing over the apparatus 1 this may increase the time that the
sample 11 is exposed to the electromagnetic radiation 9 as it moves to successive GFETs
3. This may enable the sample 11 to be analysed at different times of exposure. The
initiation of photochemical reactions and the measurements obtained at different time points
may enable additional information to be obtained from a sample 11. The information that
can be obtained through the use of the photochemical reactions may depend on the
analytes within the sample 11, the nature of the ligands and/or the quantum dots 7, and

time allocated to measuring the sample 11 or any other suitable factor.

In some examples the GFET 3 may be initially illuminated with a first pulse of
electromagnetic radiation 9 which has a first wavelength. The first wavelength may be such
that it does not activate charge transfer within the quantum dots 7 but it does activate a
photochemical reaction within the sample 11. The GFET 3 may then be illuminated with a
second pulse of electromagnetic radiation 9 which has a second wavelength. The second
wavelength may be different to the first wavelength such that the second pulse of
electromagnetic radiation 9 activates charge transfer within the quantum dots 7 and enables
a response to be provided by the GFET 3. This may enable the photochemical reaction to

be induced separately to the activation of the GFETs 3.

The apparatus 1 may be configured so that the apparatus 1 can be cleaned after use. This
may enable the same apparatus 1 to be used more than once. In some examples the
apparatus 1 may be configured to be cleaned by streaming a carrier gas through the
apparatus 1 to dilute out remaining traces of the sample 11. In some examples the
apparatus 1 may be cleaned by operating an emitter 13 at a high intensity so that any
adsorbed species are excited to aid desorption. In some examples a heater may be used

to increase the temperature of the apparatus 1 and improve the efficiency of the heating.

Examples of the disclosure provide an apparatus 1 that may be used to sense analytes
within a sample 11. The apparatus 1 may be used to obtain sufficient data to enable

chemicals to be classified without the need for chemical sampling.
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In this description the term “coupled” means operationally coupled. Any number of

components may be provided between coupled elements, including zero components.

The term “comprise” is used in this document with an inclusive not an exclusive meaning.
That is any reference to X comprising Y indicates that X may comprise only one Y or may
comprise more than one Y. If it is intended to use “comprise” with an exclusive meaning
then it will be made clear in the context by referring to “comprising only one...” or by using

“consisting”.

In this brief description, reference has been made to various examples. The description of
features or functions in relation to an example indicates that those features or functions are
present in that example. The use of the term “example” or “for example” or “may” in the text
denotes, whether explicitly stated or not, that such features or functions are present in at
least the described example, whether described as an example or not, and that they can
be, but are not necessarily, present in some of or all other examples. Thus “example”, “for
example” or “may” refers to a particular instance in a class of examples. A property of the
instance can be a property of only that instance or a property of the class or a property of a
sub-class of the class that includes some but not all of the instances in the class. It is
therefore implicitly disclosed that a features described with reference to one example but
not with reference to another example, can where possible be used in that other example

but does not necessarily have to be used in that other example.

Although examples of the disclosure have been described in the preceding paragraphs with
reference to various examples, it should be appreciated that modifications to the examples
given can be made without departing from the scope of the invention as claimed. For
instance in some examples the apparatus 1 may be configured so that a user can add or
remove ligands from the quantum dots 7. This may enable a user to change the responsivity
of the apparatus 1. This may enable a user to change the chemicals and/or the quantities

of the chemicals that are detected by the apparatus 1.

Features described in the preceding description may be used in combinations other than

the combinations explicitly described.

Although functions have been described with reference to certain features, those functions

may be performable by other features whether described or not.
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Although features have been described with reference to certain examples, those features

may also be present in other embodiments whether described or not.

Whilst endeavoring in the foregoing specification to draw attention to those features of the
invention believed to be of particular importance it should be understood that the Applicant
claims protection in respect of any patentable feature or combination of features
hereinbefore referred to and/or shown in the drawings whether or not particular emphasis

has been placed thereon.

l/'we claim:
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CLAIMS

1. An apparatus comprising:

a graphene field effect transistor comprising quantum dots coupled to a graphene
channel;

wherein the graphene field effect transistor is configured to be illuminated by a pulse
of electromagnetic radiation and configured to be exposed to a sample such that an output
provided by the graphene field effect transistor, in response to the pulse of electromagnetic

radiation, is dependent upon at least one analyte within the sample.

2. An apparatus as claimed in any preceding claim wherein the response of the
graphene field effect transistor enables at least one analyte within the sample to be

classified.

3. An apparatus as claimed in any preceding claim wherein the graphene field effect

transistor comprises a ligand coupled to the quantum dots.

4. An apparatus as claimed in any preceding claim comprising a plurality of graphene

field effect transistors.

5. An apparatus as claimed in claim 4 wherein different graphene field effect transistors
are configured to provide different responses to pulses of electromagnetic radiation when

the apparatus is exposed to the sample.

6. An apparatus as claimed in any of claims 4 to 5 wherein different graphene field
effect transistors have at least one of; different types of quantum dots, different types of

ligands, different thicknesses.

7. An apparatus as claimed in any preceding claim comprising an emitter configured

to provide pulses of electromagnetic radiation.

8. An apparatus as claimed in claim 7 wherein the emitter is configured to enable at
least one of; wavelength, power, duration of the pulse of electromagnetic radiation, pulse

repetition frequency of the pulse of electromagnetic radiation to be controlled.
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9. An apparatus as claimed in any of claims 7 to 8 wherein the emitter is configured to

provide a first pulse of electromagnetic radiation at a first time to initiate a photochemical
reaction and a second pulse of electromagnetic radiation at a second time to obtain a

response from the graphene field effect transistor.

10. An apparatus as claimed in any preceding claim comprising a photodetector coupled

to a gate electrode of a graphene field effect transistor within the apparatus.

11. An apparatus as claimed in any preceding claim comprising circuitry for monitoring
parameters of the response of the graphene field effect transistor wherein the parameters
comprise at least one of; amplitude, response time constant, recovery time, recovery time

constant.

12. An apparatus as claimed in any preceding claim comprising at least one temperature

Sensor.

13. An apparatus as claimed in any preceding claim comprising at least one pressure

Sensor.

14. A sensing device comprising an apparatus as claimed in any of claims 1 to 13.

15. A method comprising:

exposing a graphene field effect transistor to a sample wherein the graphene field
effect transistor comprises quantum dots coupled to a graphene channel;

illuminating the graphene field effect transistor by a pulse of electromagnetic
radiation such that an output provided by the graphene field effect transistor, in response to
the pulse of electromagnetic radiation, is dependent upon at least one analyte within the

sample.
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