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 Introduction to noise and fluctuation-enhanced sensing (FES)
« Adsorption-desorption noise in gas sensors
* Frequency and time domain response
« 1/f noise in gas sensors
« Higher order statistics
* Precautions
« Conclusions
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Introduction-general

 Electronic nose:

 arrays of N detectors with different select :
for detection of M species (N>>M) :
- Pattern recognition algorithms for s€lectivity

* Noise is considered as detrimentgkin sensing R .

as it reduces the S/N ratio

fig. from [Steinhauer et al. APL2014]

: ‘ . " Noise in Graphene Devices

: : . Bruschi& Sensors an tetrohydrofuran

« But noise is also a signal  péuators s, 10 (1004) 421] L methanol scetoitie
[Kish&, Sensors T Py

* Fluctuation enhanced sensing (FES): andAcwatorss, )

71(2000)55] LR i, ¥

innoise charw
microfluctuations (e.g. spectra

« >reduction of number of sensing elements " " rqewii ¢
fig from [Rumyantsev, Nanolett. 12

 In theory: one sensor could resolve mixture (2012) 2294]
of gases




Noise basics

B
« We are interested in stationary fluctuations!!!: I(t), U(t), R(t), G(t)...
Mean
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PSD is FFT of autocorrelation function ¢(z) = (I (t)I(t+7))

S, (w) =4 J' c(7) cos(wz)d 7 ~>different time domain
waveforms can give the same

PSD - information Ios‘f



Noise in (chemi-)resistors

.
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1(t) =~ aN (t)u(t)E S, (@) o< (dI)
dlxl.ldN-I-Nle. i_SU:SR:SG
1> U® R* G’
Carrier number fluctuations Mobility fluctuations
Adsorption Barrier height Scattering on defects
/desorption AD fluctuations at (charged, surface
'\\_.g,': grain boundaries roughness,...)
® 000 o0 ® _.;T'-) ’ AN
N N-dN -
[Gomrig, J.Phys. D.Appl. Surface diffusion too [Hooge, 13E TED,
Phys41(2008)065501]

[Schmerag&, I3E Sens J.10(2010)461] 41(1994)1926]
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Adsorption / desorption (A/D) noise N 20
[In semiconductors known as generation- B 000 .\f.
recombination and random telegraph signal (RTS) N NN
noise (defect occupancy fluctuations)] 2 2 )
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Lorentzian power spectra calculated using equation (2.19a). Al = 1

Fig. from [Kirton&Uren, Adv. Phys. 1989]
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S,(f)oc

logio [S(f}(AZ Hz™")]

N

Adsorption / desorption (A/D) noise

Number of active sites
1

sites

| orentzian

(Tad + T o ) 1+ [2721:’2']2 (1/ 7,4 +1/ z'des)

Spectral features:

L_- corner frequency: f.,,=1/(2nT)

Y - —>multiple Lorenzians

In a mixture of gases

(/S;ﬁi/

log(f)

o Tad:fad(Ts pi"--) Tdes:fdes(-n piv--)
- f.,r depends on temperature T and

0940 [T(H2)]
Fig from [Kirton&Uren, Adv. Phys.1989]

3 partial pressures p;

- maximum amplitude of PSD occurs
for 1 4=74.s 2 Proper choise of T, p;



Graphene sensor

Lorent2|an superlmposed on 1/f

107 |

telrahydrofuran Graphene Device

tetrohydrofuran

Noise in Graphene Devices

methanol acetonitrile
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Reproducible f_,, for different gases

but the A/D time constants from the R(t)
measurements are much higher (=min)
that that corresponding to f_,, (1-100 ms)
gas covering can induce g-r noise

(modification of existing surface states)
[Rumyantsey, Nanolett 12 (2012) 2294]
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Single adsorption/desorption events in graphene

« EXxposure to low concentration of NO2 - |
e . . . I S 100} MJ,'WH‘F
* Non-equilibrium situation (if equilibium—=>RTS—> 3= ™)

O 066!

00 01 02 0

Discrete steps: A/D of .
. PS- Histogram of resistance steps
Individual molecules

during desorption of NO2
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from [Shedin&, Nature, 6(2007)652]  Quantized change in R(t)=>A/D



1/f noise

I

Superposition of simple
processes with Lorentzian
spectra having a broad
distribution of time constants:

e.g.

carrier number fluctuations
, 1_/f |
______________ [McWorther,
Proc. Conf. Ser
. i Phys,1957]
Log(frequency
ccostE

Complex scattering processes
on defects and phonons: even a
single scattering center can
produce broadly distributed time
constants

[Vandamme, Hooge I3E,
TED 55(2008)3070]
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Power Spectrum Sr/R?(Hz) Relatlve nOISe

1/f noise in gas sensor: correlation Si/R?%(T) vs.

@) Sy
10-7 ET L L L B I:IU‘I

E 11 1
108 L

[ 102
10-¢ F 3
1010

2 4101
10-11 3
10-12 -u FENENEE AT ET I i A S A A AT

10°

] 100 200 300 400
(©)
10‘7 EI LELELEN B LENLEN B LI L |:103

; SP32

®

108 F . 102
109 F

3 410!
10-10

:u il il P i 100

0 100 200 300 400

107 E L B LN IR IET) S
F SP 19 3
108 E —5104

9 F
109 F {10
10-10F
L ® o 102
. 1
10 E *]
E ' Pl S B ]_0'
0 100 200 300 400
@
107 e
SP 42A
3 102
10-10 F
1 10!
T\ L PPN ISP BN B T,
0 100 200 300 400

nthetic air

Temperature(°C)

9JUR]SISO Y

(X331 oue)sIsay

- Different Taguchi
sensors (multigrain
resistors)

- Temperature as control
parameter

- power spectrum is not
always correlated with

changes in resistance
[Solis& I3E Sens. J., 5(2005)1338]

-2 1/f noise can be used
for sensing too

S (T)
R¥(T)

~ R"
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Relative noise

1/f noise: selectivity of Sg/R?(T)vs. gas

No selectivity of ethanol

¢ SP I SP 42A
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0 100 200 300 400 0 100 200 300 400
Temperature(°C)

Good selectivity of ethanol

LI DL L DL L LN L TTrr r[r 11 r[r 1T [T rrT

[Solis& I3E Sens. J.,
5(2005)1338]

Taguchi sensor

- temperature dependence of 1/f noise magnitude can give
an information on selectivity in some sensors
- Additional info to R(T)
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Effect of humidity on 1/f noise in CuO NW

T=350°C, two-point configuration E%tgéggi‘g)elrg‘zf&
Relative humidity 0->50% (RH50)

H,0 + O 4 +2Cucy +h" — 2(Cug, — OH7) +So

Single crystals NW: p-type conductivity _ O
12.0+ - 100 O
g 10.0 30 g
B 9 N
5 8.04 60 'g O O-
: | 2
§ 6.0 40 E OH OH-
z | Z O
g 4.0 20 @
R Water
2.0 . . . : : . 0 "
0 20 40 60 80 adsorption N
time [min] O O-

- Humidity increases the resistance due to “compensation” of the negative surface
charge by the hydroxyl group [M.Huebner& Sens. Act. B 153(2011)347-53]



1/f noise in CuO NW: effect of humidity

S, / I’ [1/Hz]

10'”‘ T

[Steinhauer&, APL, 107(2015)122112]

S,

_5,(AHz)

S, -
f

Here:
az~ 0.9-1.2

R
Sp Sg _ « _aun

1 10 100 1000 |2 = RZ G2 N fL2

frequency [Hz|

1/f noise found (no Lorentzians)
Humidity increases the relative noise
We consider mobility fluctuation model

a-Hooge's noise coeff.
N-carrier number
L-carrier mobility
g-element. charge

L - NW length
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1/f noise in CuO NW: effect of humidity

=
NWs of different dimensions
dry humid
d= 90nm, L=0.35ym: /O dry | ® 50% rH
J d=243nm, L=19pm: O dry B 50% rH
1x10™ d=134nm, L=0.35pm: 'V dry ¥ 50% rH
: d=114nm, L=0.9pm: < dry € 50% rH
. d=143nm, L=1.9pm: & dry & 50% rH
-
S ' A
(b [ =1 N SR, W B JOl VA 8 0 =
M~ | e ; A
N~ :
N —— ./B./
P
' - '10

resistance [MQ)

resistance change

Change due to rise In
surface noise

Change due to total

-

¢ - Core/shell model
I T s-surface
G, b-bulk

Only surface resistance and surface
noise changes due to gas are
considered!!!

% 2 B
SR B S(}s + S(;b B N_JGS T ij Gb B KSGS + Kbi
Rior  Gior (Gi+ Gy LGy +Gy)*

We consider fluctuations in
scattering on surface potential
roughness due to randomly
distributed hydroxyl groups on NW
surface

[Steinhauer&, APL, 107(2015)122112]



— 11JNEr order statistics-bispectrum

a)

a) 4
Power spectrum 2ty Contour plots of
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[Smulko&, Sensors and Synthetic air =~ Ethanol 70 ppm
Materials 16(2004)291] Y4 2 0 2 4 6 w3 0 > 4
£ 1] ]

special fingerprints of different gases in bispectra
Sze(f15 f2) =v3uH(f1)H(f2)H™(f1 + [2)
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FES concept summary

Chemical/biolo | s, Mean value <R>(t) (i.e. transients)
gical sensor or steady state value <R> 21
Fluctuations in moments: standard
S —
. sk deviation, skewness, kurtosis,...
Low noise S
amplifier S : —
GE) ——)l Wavelet*, fractal,... analysis '
> = I=5{ Amplitude density,... —
R=
g —» Power spectrum >
@)
©
c
8 > Bispectrum >
3
LL

*Pattern
recognition and
fitting in
multidimensional |
space of
parameters

* Learning
algorithmus

Display of
decision on
existence
of gas
species

Based on [Kwané& I3E Sens.J.,8(2008)706]: simplified + extended/updated
*Tulzer&, Nanotechnology 24(2013)315501
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Precautions: What do we really measure?

Defined measurement conditions:
surface degasing prior to measurements

besides measurement of frequency spectra, recording/analysis of
time domain waveforms is strongly suggested

* Not to misinterprete e.g. contact RTS noise as A/D noise
 Stationarity: Drifts—=>1/f2 dependence

« - Air and temperature fluctuations in measurement chamber
and at the DUT should be low (laminar flow), [dT(t)=2>dR(t)]

Spectral responses of different gases in a mixture are often not
additive (training algorithm necessary) [solis& I3E Sens.J.,5(2005,1338]

Be careful in interpretations: even the noise mechanisms in
“standard” electronic elements like resistors, FET, BJT,... are still
In discussion->effects on sensor optimization strategy

e e O e
EUROPEAN COOPERATION IN SCIENCE AND TECHNOLOGY 18



Conclusions

« Lorentzian-like and 1/f spectra can be used for gas sensing -
additional information to <R> or <R>(t)

* Pure adsorption — desorption noise is not yet experimentally
demonstrated in frequency domain

* Noise mechanisms in gas sensors are far from being understood!

 Precautions on measurements conditions

ccosE
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Noise measurements

— DUT rt . .
I(t u _| < Two point (contact noise
4 AYJ \ and resistance included)
- B u(t)
U=const,
— = Spectrum
o analyzer:
SI SU — S_R — S_G 107 - " oo F y d .
12 U2 R: G | reg. domain
< 0.74V o
mzzjmmw, Digital
|=const. %o | 0Scllloscope:

DUT >— o Time domain
=L |

< Four points (contact noise
and contact resistance not
measured)
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Supplement to 1/f noise in CuO NWs

. . —=Gg + 2
Sk Scs +S6p .J‘ Nb]‘ KGg + KpGy

S Gt G MG+ Gy)
KBy +KG, _ Ky Gi(K —K,)

= = K,Rror +G, (K, — K, )R?
(Gb_I_GS)z (Gb+G) (G +G) b" ‘TOT s( S b) TOT

Ns(b): number of carriers in the
surface (bulk) regions of NW

1 _ QR p-mobilities

N |_2 Ks(b)-coefficients
b

s(b) f-frequency
Gs(b)-surface (bulk)
component of the conductance

RTOT=1/GTOT-total resistance

21



Test system

PT100 thermocouple

r

Bonded\*f

nanowirey &

- Terpperatures up to 350°C
- Gas'cell Witk eofitfolted §as flow 22 “



Skewness and curtosis

Let us suppose that the x(¢) sensor signal is sampled and recorded as a time series x(n).

. .. 10 . . . .
Simple measures of deviations™ from Gaussian distribution are skewness, y;. and kurtosis. y,.

o, by the following relations: V me’“y

s o]

X

Oy

1 15 C o
y4=—4EI(x(n)—E[x(rr)]) l -3 ; urtOSIS . p (3)
where E[] denotes an average. The skewness describes the degree of symmetry and the kurtosis

Differences in respect to Gaussian
amplitude distribution

[Smulko&, Sensors and
Materials 16(2004)291]

measures the relative peakedness of the distribution. Both measures are equal to zero for a Gaussian

process.

CCOosc
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[- axial symmetry of spectra = stationary process

B | S p eCt r u m - magnitude is near zero - the non zero values is due to a

weak non-Gaussian component in the amplitude distribution]

An important tool to investigate the non-Gaussian component of the stochastic sensor signal [Kwan& I3E
is the bispectrum'®'!. The bispectrum function is the second-order Fourier transform of the SenSJ’8(2008)706
third—order cummulant'’:

, —j2af 1k _—j2af5l
Si(fioS)= D 2 sk, l)e 2T 4)
fr=—00 [=—cc
where Cy,.(k,l) = E[x(n)x(n + k)x(n +1)] 1s the third-order cummulant of the zero-mean process
x(n). The bispectrum is a two-dimensional complex function. Usually, its absolute value 1s
analyzed, which is a three-dimensional landscape. The bispectrum function i1s equal to zero for
processes with zero skewness, 1.e. for Gaussian processes. The bispectrum of two statistically

mdependent random processes equals the sum of the bispectra of the individual random processes. It

1s an important property of bispectra that Gaussian components in the recorded stochastic process

. _ . . 11 9
are eliminated and only the non-Gaussian component are seen . Saa(f) =2u |H(f)]

[Smulko&, Sensors and S3e(f1, f2) =3 (F1)H(f2)H (f1 + f2)

Materials 16(2004)291] where H(f) is the frequency response. It can be seen from (8)
and (9) that the power spectrum does not carry any information
about the phase of H(f). while if u(n) is non-Gaussian, the
phase information can be recovered with the bispectrum.



