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To reduce energy consumption and fabrication
(@MB cost and to improve detection properties of gas
Sensors
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Multisensor platforms

MEMS technology
Platform used

Sensing Materials

SnO2 / Electrospinning
Graphene / Electrospray
Zn0O:Ga [ RF sputtering

Sensing Results
Conclusions
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—=— |R measuremen t

Micro-hotplates prepared by MEMS oot
technology (LAAS CNRS) /

e High temperature (>500°C)
e Low power consumption (few tens of mW)

Temperature (*C)

200

e Good homogeneity
e Low level of residual stress ISl i i i
® Re I ia bi I ity Power consumption (mW)

A

£ LAAS-CIRIMAT
Q Zn0:Ga sensors
< (PVD : Sputtering)
2 kinds of (
microhotplates
LAAS-CSIC
Sn02 Graphene

based sensors
(Electrospinning)
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Reduced graphene oxide
rGO E800 (F)

Abalon )Q

Innovative materials

%XG sciences

- Polycrystalline SnO2 (rutile) THE MATERIAL DIFFERENCE

- Dgper ~ 10-50 nm Sustainable mass production

Maximum Price
Product

amount (g) (€/g)
rGO ES00 ~20

* Leiber > 100 um

- Granular surface

* Dgrain <10 nm

- Hollow fibers - Highly porous web-like layer
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Sensing layer

e Precursor solution a Electrospinning -> nanofibers 9 Calcination
! Syrm%e solution plates

DI water

Polivinil alcohol
10

Tin chloride (IV) HV supply (20 kV)

pentahydrate 10 5 -
SnCl,-5 H,0 e

- Surface tension (72 mN/m)

substrate

heater

PTFE
microtube

- Viscosity (0.6 Pa-s) —

- Conductivity (30 5/m) ] 51 o s g W0 | e
- Needle diameter (0.5 mm) TR
- Electric field (3 kV/cm) - Temperature (500 C)
. Dosage rate (2 ul/min) - Atmosphere (air)

- Duration (4 h)
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cone-jet regime

e Graphene dispersion a Electrospray

substrate

graphene Cu

- Solvent (IPA) SYringe - gispersion plates

pump

Sensing layer Graphene

- No surfactants/dispersants

. Concentration (0.1 mg/ml) — s

- Sonication time (0.5-1 h) HV supply (20 kV)

Acetone IPA Etanol s — \ il i -

-
0.1 mg/ml - Needle diameter (0.5 mm)
24h after sonication (1h) - Needle-substrate distance (0.5-1 €M) —=————p
- Electric field (0.25-0.4 kV//cm)
- Dosage rate (2-5 ul/min)
- Deposition time (10-20 min)

| substrate
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Sensing layer /n0:Ga thin films
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a Target preparation a Sputtering deposition

) . oW

- Zn0O + 2 %mol. Ga,0;
- Pressing in a die (10 cm diam.)
- Sintering at 1000 °C/ 5 h

+ ZNg 96Gag 040 +

Target mounted on sputtering system

- Plasma process

- Ceramic target

- Pure Argon

- Magnetron sputtering

- Deposition rate (~ 2 nm/min)
Zn0:Ga target - Deposition time (12-100 min)
- Thickness (25-200 min)
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Sensing layer /n0:Ga thin films
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e Microstructure

nm A250C
_ (002) 12.1 nm 17.2 nm
16000 4 — 60 nm 16.0
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T T T T T T T
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200) 23.4 nm P B B B B B
35+ (d)
20.0 =— Grain size (nm)|
18.0 i Rougness (nm) H )
- Phase crystallization o 2 €
14.0 g as) ﬂ
; ; 12.0 = 5
- Nanosized grains 0 g
10.0 (] o
8.0 20 -
- Columnar structure o, :
. . 4.0 154 1
- Gallium inserted N ——
0.0 50 75 100 125 150 175 200 225 250

Thickness (nm)
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masque

Décollage du masque en portant l'ensemble d 120°C

- 2 processes
- PET masks

- metallic masks
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Target gases

Maximum number
of permitted excesses
each year

Maximum permitted
concentration”
(20 °C, 1013 mbar)

Averaging

Pollutant :
period

200 pg/m3  JEKs]s]s 1 hour 8

40 pg/m3 1year n/a

60 ppb

120 pg/m3 daily 8 hours mean 25 days averaged over 3 years

10mg/m3  EEHNT I daily 8 hours mean  n/a

* Limit values for heath protection (Air Quality Directive EC 2008/50)

(hourly average)

Cmax

Scenario

Natural
min: 30
max: 80

min: -3

. max: 45

Urban
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Levels of target pollutants and meteorological data at
the locations chosen for field campaigns provided by
regional and local AQ networks: Extremadura, Castilla y
Ledn, Barcelona, Portugal
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Sensitivity

100 7 1000 5
: SnO, NF 1 Sn0O, NF RGO
i RGO 100 +
o e ;
~ 10 7 -
oo ] oT0} ]
] 10 ¢
1125
1 T I T I T I I A I ! I ! I ! 1 yARN f T 1 T 1 T 1 T 1 T 1 T
0O 50 100 150 200 250 300 350 400 0O 50 100 150 200 250 300 350 400
T (°C) T (°C)

- Higher response, higher optimal working temperature for O,
- SnO, NF loaded with rGO E800: Higher low-temperature response, lower optimal working temperature for NO, and O,

- No sensitive to CO (10 ppm)
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Selectivity

100 5 1000 -
5 SnOz NF 03 50 ppb E SnOz:RGO NF
100 ¥
n:ru n:ru ]
—_ 10 3 NO, 50 ppb -y ]
a0 . a0
o 49 T
1 L\ I 1 I I I I I 1 I I I I 1 e I I I I
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
T(°C) T(°C)

- SnO, NF loaded with rGO E800 @ T > 250°C for optimal selective detection of O,
- SnO, NF @ T < 100°C for detecting NO, with cross-interference of O,
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0,94R R
| off

Resistance
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1000
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Tyes > 200 °C (P, .t > 25 MW)

!

Trec <30S
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— (0)
T,4.=100°C

Variable temperature mode 10

Tads < Tdes

0, (100 ppb) O Pheat 25 MW Sn0,:RGO

93 i + Post 40 MW
= B S o
© clean air ™~ .
. [oT0]
o
Tdas -
E- Tads E} Lu ﬂ
’ ‘ . ‘ . 1 III]IIIIIHIII]IIIIIHIII]IIIIIHIII]IIIIIHIII]IIIII
° v " Fime (i) ° ? 0 10 20 30 40 50
Isothermal mode Cyde
Desorption under UV irradiation - Photoactivation is suitable for rapid gas desorption at low temperature
osa ., . , ,
to hight &, LED-UV - Less energy consumption, no thermal or mechanical stresses on microhotplate

OCU-400 UB355 “ Apeak 355 Nm
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SIGMA-ALDRICH
@"\ US Research
&7/ Nanomaterials

X2)
Dopant 9wtd)

Pt NP (3 nm)
1 Dispersion in H,0 0.2
1 mg/mL

Pd NP (15 nm)

2 Dispersion in H,0 0.5
1 mg/mL
PdCl,
2 Powder e —> Pdox
Au NP (15 nm)
4 Dispersion in H,0 0.35
1 mg/mL
5, | AUCs 0.3

Powder

a) X =Pt, Pd, Au ? %wt =X:Sn

|R,-R,|/R,%100 (%)

60

50

40

30

20

10

01 ©O2 03 O4

400 °C

Sgar i
O/@/ I I I
1 , : 4

- Optimal temperature 400 °C (P, ., 45 mW)
- Limit of detection CO < 0.5 ppm

- Effect of graphene needs to be investigated
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8 20 —M
. | —$l ;@- > =
X - 52 X <
S 6T _s3 A Q 15 1
S 1-s4 SR =
;ﬂ* @ T SH P R o 10 1
< s 3
P x/,iZ/O 20%RH | =5 o |
il g 5% RH o
0 i R 0 | | |
0 0,1 0,2 0,3 0,4 0
NO, (ppm)
10
Limit of detection NO, ~ 200 ppb ight o
o . OCU-400 UB355 o &
- Limit of detection O; ~ 50 ppb .
<'>\a/ ~ 4 +
- No sensitive to CO (10 ppm) S ]
n:tm 2 + 05100 ppb
. ) . LED-UV — 20% RH
- Photoactivation speeds up gas desorption =9 A\ 3es 0 . ,
peak nm 1 2 3 4 5 6 7 8 9 10
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Graphene

8 8
— | os1 . ] os1
S 5
6 =~ 6 %S3
o o T
= o | %S4
—
X X
Qi'm 4 mm 4 + ><
o e 2+ X
lm Itl.D /\,7@
o« o X
0 O T T T T : T T T T H T T T T ]I T T T T
0,4 0 0,1 0,2 0,3 0,4
NO, (ppm)
15

- Limit of detection NO, ~ 50 ppb

.
OPTAN = AS3
OPTAN® 3535 S 10T xsa
- Limit of detection O; ~ 50 ppb | X,
~
- No sensitive to CO (10 ppm) (&) of 5 4 %
o

- Photoactivation speeds up gas desorption =3 LED-UV 0 s

0 0,1 0,2 0,3 0,4
Apeak 255 nm
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Response

European Regional Develo

a Simplified devices
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- Thinnest film are more sensitive (at ~ 250 °C) Sl A= T | 2
%)r\o\ — Temperature ” %  u \\ iggiim %
. H glu\ 1 — G T § @ ¥ i \"\\‘: * * 100%
- 25 and 60 nm thick layers have been studied —wwars | § 2,
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50 _
40-350° ——Rg/Ra M3 I
40 < Rg/RaD3 f——
——Rg/Ra M3
Rg/Ra D3
30 ——Rg/Ra M3
g .y N Rg/iRaD3  ——
\5, \ =M - Response Iso
v
S 20
Q.
g . CNE
40-250°__| L N
10 I — s N N
——r
/ T \\\ N
, ’ \\
o
0
0 50 100 150 200 250 300 350

Température °C

- 2 types of measurement mode:

- Classical constant temperature mode (250 °C)

275

270

265

260

N
3]

Température (°C)
N N
N
(& o

a)

-

empérature a 250°C

Injec

ion de gaz

Rg

Ra

2 4 6

8 10 12

Temps (heure)

14

16

18

20

Température (°C)

1000
950
900

800

750
700
650 -
600 -

500
450

400 3
350

300
250

200

150

100
50

Response

a Measurement modes

- Cycled temperature mode (50-350 °C -> reduced to 50-250 °C to avoid ageing)

Temps (heure)

b)

Séquence 1 Séquence 2 Sequence 3
1 Sous Air Sous NO, Sous Air

X3

JTempérature ¢yclé
1de 50°C a 3507

I RSN I | S i R
B | D R i
. I | o

Ra Rg U

0 1 2 3 4 5 6
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Response
e

Constant temperature mode (250 °C)

B ——— H T 1
aaninannl - i 12' P
= 10k a . éOk Q (] /| g /] "-“\i;- Py
5 g S [ S
8 LﬂLf bﬂ&ﬂkﬂLﬂ J K ‘ﬂ fg : fﬁ / % ; ( % % Z ' ;;
L N & BNV UNVIN N .
1k ti : \ \J N \ 0 ! vy v T / k \ 5 |
f S o EAECHNRVINANANAVANRVIN B
e : ot a .
100 : T ! T A T T T I 10 5 —If-:m]:S ::) - 22-2|4-2|6-2|8-3|0-32 : T T T T In5jecti§n % é é 1,0 i 2 4 6 8 10 12 ;Zmlss ](.:3]) 20 22 24 26 28 30 32 500 400 S’SZ”CZ:r:)tralt(i);)n SZON;(Z)O(p:‘:;) 200 100 -
Cycled temperature mode
- Stabilization of the results in constant mode (some disparity between - B - g
% ° % f F200 &
4 sensors) iy S p 'd
- Sensitivity to NO, variable concentration (measured under 50% RH) ggyﬁf
2 - 50

- Cycled temperature mode seems efficient rgoecameunn s

—— Réponse Capteur A Temps (min)
—— Réponse Capteur B
—— Réponse Capteur C
—— Réponse Capteur D
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summary

e vanage ™ osivaage

Thin films and nanofibers oxides NO,, O, and CO could be detected at low  Cross-sensitivity
or moderate temperature

Graphene sensitive layer Room temperature detection Cross-sensitivity
UV irradiation Improve sensing performance (response,
recovery time, linearity, stability)
Electrohydrodynamic printing Cost-effective technique, simple operating
(CSIC) conditions (ambient T and P), and high

versatility and flexibibility of the proscess
(broad diversity of solutions and
dispersions)

Sputtering technique (CIRIMAT) Fully compatible with MEMS technology

Microhotplate based on MEMS Efficient, wide temperature range with

technology (LAAS) low consumption, homogeneous heating,
shadow mask usable, constant and cycled
temperature modes available
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ELECTROVALVE

POWER SUPPLY

P2.1 delivery

MOX Module

SENSORS HOLDER

PCBE

AIR PUMP

WIFI MODULE

MAIN BOARD CONTROL

Switchable sensor board

AlR PUMP

TEMPERATURE
AND HUMIDITY
SENSOR

SENSOR SIGNALS HEATERS SIGNALS

Commercial sensors
FMXCO

ELECTROVALVE

- 12C BUS
- PUMP SIGNAL
- EV SIGNAL

TEMPERATURE
AND HUMIDITY
SENSOR

CHIF D

ELECTROVALVE

-12C BUS
= PUMP SIGNAL
- EV SIGNAL

JUMPER CABLE
SELECTOR

SENSOR SIGNALS HEATERS SIGNALS

Nanosensors
CNRS (FMXCN)
CSIC (FMXCS)
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FMXCO Commercial sensors
NO, (4) 0, (1) CO (3) Sensor heaters
Rgrange  R;nom Iy R
(Kohm) (Kohm) (A) {Ohm)
1 MICS 2714 (0X) NO2 - 10000 0.8-20 10 3 - 800 1,7 0,026 1= 43
2 MICS 4514 (OX) NO2 50~ 10000 0.8-20 10 3 - 800 1,7 0,026 b6 43
3 MICS 4514 (RED) (0] 1000 1000000 | 100 - 1500 1000 3200-10 2,4 0,032 74 76
4 MICS 6814 (OX) 7 NO2 50~ 10000 0.8-20 10 3 - 800 1,7 0,026 b6 43
5 MICS 6814 (RED) (0] 1000 1000000 | 100 - 1500 1000 3200-10 2,4 0,032 74 76
6 MICS 6814 (OX) NO2 50~ 10000 0.8-20 10 3 - 800 1,7 0,026 b6 43
7 MICS 6814 (RED) (0] 1000 1000000 | 100 - 1500 1000 3200-10 2,4 0,032 74 76
B FIS SP3-61 03 201- 1000 3-100 g0 175 - 10000 5,0 0,080 41 400

e Gas concentration range of interest at the lower limit of detection range

* Isothermal mode: Py > Pyq,, PO; >>
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P2.1 delivery

FMXCN Nanosensors CN RS (ZnO Ga thin films)
7 .

/5X SENSORS
/ HOLDER

.U_ Nan@Sen-AQM [T

-------_

Film thickness (nm)

Constant Cycled Constant Cycled Constant Cycled Constant Cycled
Power (mW) 20 20-30 25 5-25 25 5-25 25 5-25
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P2.1 delivery

FMXCS Nanosensors CSIC (SnO, NF layers)

Sensing
material

Power (mW) 41 41 14.5 41 14.5 41 14.5 14.5

Sn0,:RGO

Sn0,:RGO SnO,:PRG  SnO,:PRG  SnO,:GNPL  SnO,:GNPL  SnO,:Pt NP SnO,:Pt NP
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