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Introduzione

La sensibilita dei tradizionali analizzatori di spettro a singolo canale e tipicamente limitata
dal rumore elettronico dello stadio di ingresso. Per superare questo limite ¢ possibile utilizzare
strumenti multicanale basati sulla tecnica della cross correlazione, gia realizzati e disponibili
nel laboratorio del professor Marco Sampietro, in grado di attenuare il rumore incorrelato dei
singoli canali ed aumentare quindi la sensibilita dello strumento.

Durante questo lavoro di tesi e stata realizzata una nuova versione modulare dell’analizzatore
di spettro a cross-correlazione, in grado di potersi adattare con facilita ai differenti dispositivi
per i quali vi ¢ interesse ad avere la misura del rumore elettronico. A differenza dei prece-
denti esemplari il controllo dello strumento, la generazione delle tensioni di polarizzazione e
I’elaborazione dei segnali sono ora interamente effettuati mediante un unico software instal-
labile su pc: questo aumenta la velocita di realizzazione delle misure e la loro ripetibilita,
rendendo quindi in generale piu semplice ed intuivivo 1'uso.

Contemporaneamente alla progettazione e realizzazione si sono manifestate varie opportunita
di uso per lo strumento; sono stadi sviluppati quindi degli stati di ingresso dedicati alla
caratterizzazione di dispositivi elettronici avanzati in fase di sviluppo presso altri laboratori
universitari in contatto con il laboratorio del professor Sampietro.

Nel Capitolo 1 e illustrata teoricamente la tecnica della cross-correlazione che sta alla base
del funzionamento dello strumento, come ¢ stata implementata e le prestazioni che permette
di ottenere in funzione della topologia dello stadio di ingresso.

Il Capitolo 2 fornisce una visione di insieme dello strumento, evidenziando i vantaggi della
struttura modulare. Viene inoltre descritto il software di controllo ed elaborazione.

La scheda principale dello strumento, responsabile del suo controllo ed interfacciamento agli
stadi di ingresso, e descritta in dettaglio nel Capitolo 3.

Nel Capitolo 4 e descritta la riprogettazione di uno stadio di ingresso per misure a larga
banda del rumore di corrente di dispositivi mosfet sia integrati che discreti. Questa topologia
circuitale, gia presente in precedenti versioni dello strumento, ¢ stata migliorata integrando
nuove funzionalita che hanno permesso di aumentarne le prestazioni e flessibilita d’uso.

I capitoli 5 e 6 sono rispettivamente dedicati a due tipologie di dispositivi: mosfet basati su
materiali organici (Ofet) e sensori magnetici ad effetto tunnel (MTJ) caratterizzati alla fine
del lavoro di tesi. Per entrambi e presente una breve descrizione della fisica del dispositivo che
ha influenzato la progettazione degli specifici stadi di ingresso, seguita dalla presentazione e
interpretazione delle misure sperimentali ottenute.
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Introduction

The sensibility of a traditional single channel spectrum analyser is limited by electronic noise of
the first stage. To overcome this limitation is possible to use a multichannel instrument based
on the cross-correlation technique: these types of instruments, already made and available
in the laboratory of DEI professor Marco Sampietro, are able to attenuate the uncorrelated
noise of the channels and consequently improve the overall sensibility.

This thesis work is focused on the design and realization of a new modular version of the cross-
correlation spectrum analyser, easily adaptable to many different devices for which is useful
a noise characterization. Unlike previous instrument with manual control, the command to
the instrument, generation of bias voltages and signal elaboration are now all managed by
single pc software with graphical interface: this feature speed up the work and improve the
measurements repeatability, making the spectrum analyser more intuitive and easy to use.
Simultaneously with the design and implementation, have arisen opportunities to use the
instrument on advanced electronic devices in development at others various university labo-
ratories in collaboration whit the lab of Marco Sampietro.

Chapter 1 describe the cross-correlation technique: how it has been implemented in the
instrument and its performance, depending on the front-end topology.

The Chapter 2 is an overview of the entire instrument, highlighting the advantages of a
modular structure. It also describes the control and processing software.

The instrument’s mainboard, which constitutes the core of the instrument, is described in
detail in Chapter 3

Chapter 4 describe the re-design of a front-end stage suitable for wide bandwidth measure
of noise current generated by integrated or discrete mosfet devices. This type of front-end,
already present in a number of past implementations, has been improved with new features
and bug corrections, in order to increase its performance and versatility.

Chapters 5 and 6 are respectively dedicated to two different electronic devices: mosfet made
with organic polymers (Ofet) and sensors based on magnetic tunnel junction effect (MTJ)
which have been characterized at the end of the thesis work. There is a brief introduction
to the device physics that motivates the front-end design, followed by the presentation and
interpretation of experimental results.
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Chapter 1

Principles of operation

In a traditional single channel measuring set-up the noise of the first amplification stage is
the lower absolute limit of sensitivity: as the input signal decreases in value it is gradually
less distinguishable from the noise. Conventionally the threshold value is when the useful
signal and the noise have the same value, typically indicated by the expression SNR =1 It
is obvious that it is always preferable to have lowest possible noise to increase the SNR ratio,
and therefore obtain more precise measures of the input signal.Some measurement set-up
can reduce the unwanted instrumental noise, but they are not always possible or feasible to
implement, for example active cooling of the amplifiers at cryogenic temperatures. When the
noise to be measured is stationary, the cross-correlation technique has proven to be effective
to overcome the limitations imposed by the electronic noise of the instrument amplifier and
to extend the sensitivity of noise measurements even below the threshold value of SNR=1.
An instrument using this technique, which we call a correlation spectrum analyser, is based
on the processing of signals from two independent channels operated in parallel and takes
advantage of the uncorrelated properties of the noises of the two input stages.
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1.1 Cross-correlation technique

The cross-correlation technique consists of performing at the same time two different measure
of the same signal by two identical and independent acquisition channels; on both of them will
be present the useful signal and the unwanted noise inevitably introduced by the channel itself.
Because the noise in one channel is uncorrelated whit the noise in the other one, performing
the mathematical cross-correlation operation on the two channels returns only the useful
signal and reduces (ideally eliminates with an infinite measurement time) the uncorrelated
noise. [1][4][5][6]

i voltage l
! amplifier |

[
! ) I
i ol frequency |
! selector |
1 |

|

output

mediator

1

1
frequency |
selector i
|

1

]

]

]

HDUT

voltage

Figure 1.1: Working principle of a cross-correlation spectrum analyser

In the basic scheme of figure 1.1 each channel consists of a low-noise pre-amplifier and a band-
pass filter that selects the frequency of interest for measure. In a digital spectrum analyser
the frequency selector is made by an ADC converter followed by a Discrete Fourier Transform
(DFT) operation which work as a bank of narrowband filters and allows to measure over N
frequencies in parallel (where N is the number of acquired samples). Referring to figure 1.1
is possible to express the signals on two channels in this form:

ve(n) = s(n) + wa(n) (1.1)
where
e s(n) is the signal from the DUT (common to both channels)
e wi(n) and wy(n) are the noise of first and second channels

The power spectral density of s(n), Ss, is (by definition) the Fourier transform of the auto-
correlation function, r4(7):

+o00o
Si(f) =F{rdm)} = > rur)e > (1.2)
Since the two noises is uncorrelated between them and between the signal, is possible to
express the cross-correlation of two channels v;(n) and ve(n) as:
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Towe(T) = Elva(n)vi(n +7)]
E[(s(n) + wa(n))(s(n + 7) + wi(n + 7))]
= 75(T) + M (Mg + Muy) + Moy Moy (1.3)

where mg, m,,, e m,, are the mean value of, respectively, s(n), wi(n) e wy(n). Calculating
the Fourier transform of the cross-correlation is obtained:

FAron(T)} = FA{rs(7)} + [ms(muw, + Muw,) + M, M, ] - 0(f) (1.4)

that shows how to derive the spectrum of useful signal only (at non-zero frequency) ideally
eliminating the contribution of the noise introduced by the two channels of the instrument.
However the cross-correlation operation can reach this result only by acting on an infinite
number of samples. In the real case with only N samples we can have an estimate of the
cross-correlation function given by:

N-1
Futa(T) = Z“? n)vy(n + 1) (1.5)
nO

correspondingly, an estimation of the power spectral density is

N-1

Ss(f) = F{fuu(r)} = Z Forog (T)e 92717

—N+1
ve(n)vy(n+ 7)e” j2rfr

1 N-1

- NZw(n)vl(f)eﬂ”f”:

n=0

1 .
SVAVE() (1.6)

The Fourier transform Vi(f) e Va(f) are calculated from a finite number of samples, so they
can be replaced by the corresponding DFT. The result is the estimate of the spectrum of
useful signal in a implementable form:

So(fi) = _Vl(fk> “(fr) (1.7)

where fi, = k/N is the discrete frequency of the DFT. The estimate provided by the equation
1.7 uses the N available samples to obtain the best frequency resolution. To reduce the
contributions given by the uncorrelated noise it’s necessary to repeat this procedure on N,
different block of samples. Then an average frequency by frequency is performed to reduce the
effect of the zero mean value fluctuations given by the uncorrelated terms. In the equation 1.6
we see that the estimate S is generally a complex value while S is a real one. An improved
estimation of the power spectral density is therefore given by

S(fr) = —éR{vl(fk) “(fi)} =
= Ngﬁg{Wl(fk)H‘/Q(fk),ejabl(fk)—@(fk)} —

= MU cos(é (i) — 6a( i) (1.9
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where ¢4 (fx) and ¢o( fi) are the phase of the DFT at the frequency fi. The equation 1.8 can be
interpreted as the scalar product of the phasors associated with the signals in the two channels
of the instrument. So the operation of cross-correlation enables not only to reduce (ideally
cancel) the noise present in the two independent channels, but also to complete eliminate the
signals in both channels out of phase with each other by £90°.

1.2 Limits In noise measurements

As described in the previous paragraph, the cross-correlation spectrum analyser, reducing the
uncorrelated noise, can detect a signal of amplitude below the noise of individual channels.
The sensitivity of the instrument is limited by two factors:

e finite measurement time that imposes a residual random fluctuation due to residual
uncorrelated noise;

e correlation of the instrumental noise, an effect that can not be eliminated by cross-
correlation and constitutes the ultimate limit for sensitivity.

1.2.1 Measurement time

Performing the average over a finite time (ie on a finite number N, of blocks) causes that
the uncorrelated noise can not be completely eliminated, making the measure suffers from
some degree of uncertainty. To properly set a session of measurement is therefore important
quantify this uncertainty in terms of:

e total measurement time

e desired frequency resolution

e amount of uncorrelated noise

e amount of useful signal from the DUT

Since each block used to calculate the DFT is composed by N samples and there are N, blocks,
the total measurement time 7,, needed to acquire all the samples is:

1
RBW

Where T, is the sampling time and RBW the frequency resolution of the measured power
spectral density [8]. By indicating with S,; and S,o the uncorrelated noise of individual
channels, it can be shown [1] that the standard deviation oz of the measured power spectral
density is a function of T,,:

T, =NyNT. =N,

(1.9)

SwISwQ
°s =\ 37, RBW (1.10)
Assuming the two channels identical S,; = Sy2 = S, €q. 1.10 can be simplified with
1
o5 = (1.11)

2T, RBW

The total measurement time can be estimated from the equation 1.11 imposing Spyr = o3
(with the conventional assumption that a signal can be detected when its amplitude is at least
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equal to the superimposed fluctuations, or SINR = 1); the measurement time has a quadratic
dependence of the uncorrelated noise S,

1 S, \?
_ 11
In = SRBW <SDUT) (1.12)

In practice it’s important to note that 7}, derived by the equation 1.12 it’s just the acquisition
time of all the necessary samples to achieve a signal noise ratio SINVR = 1 and does not include
the time needed to perform the cross-correlation digital elaboration of data. *

1.2.2 Instrument’s sensitivity

o e A e A

Uy M Ll‘._l"l|; i HL A | Ijh“ i)
I ',_' | “' ' 1 WA ' “"“ i

0 'JHII ."l

Amplitude
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Time Time

Figure 1.2: Output due to the instrumental noise: left with correlated noise, right with
uncorrelated noise

The ultimate sensitivity limit of the correlation spectrum analyser is determined by the corre-
lated noise present on both channels. This kind of instrumental noise gives an unknown value
directly summed to the power spectral density of the input useful signal. Figure 1.2 shows the
contribution of the two different types of noise, uncorrelated and correlated, on the measured
power spectral density. On the left of the figure is reported the output in the case of a white
correlated noise; on the right is reported the case of a white uncorrelated noise after a finite
average time. The correlated noise, that cannot be removed by the cross-correlation because
it is present on both channels, acts on the average value of the measure while uncorrelated
acts on the dispersion around average value.

The topology of front-end stages and the DUT characteristics have direct impact on the
amount of this two types of noises, as shown in sections 1.4 and 1.5; is important to highlight
how they influence the electronic design choices.

e correlated noise corresponds to the minimum detectable input signal (definition of
SNR=1) and therefore sets the ultimate limit for the instrument’s sensitivity

e uncorrelated noise determines the measurement time needed to reach a given value
of sensitivity (as stated in equation 1.12); an infinite measurement time is needed to
eliminate all uncorrelated noise and reach the ultimate sensitivity limit imposed by
correlated noise

!Currently this is the main practical limit of the instrument: processing time can be up to two orders of
magnitude bigger than acquisition time, depending on sampling frequency of adc and computer’s performance.
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The design of a specific front-end stage must therefore take care of both types of noise:
an excess of correlated noise make the cross-correlation technique useless in comparison to
a classic single channel analyser, while a high level of uncorrelated noise can increase the
measurement time to an infeasible amount.

1.3 Not-identical channels

All the considerations made so far are based on the ideal assumption that the two channels
are perfectly identical: it’s important to study the effect of the non uniformities between
the transfer functions of the two channels on the measure. Uncorrelated noise is any case
eliminated by the cross-correlation because there is no any phase relationship between the
noises of the two channels; a difference in the transfer functions can not in any way create any
phase relationship between channels. This mean that the necessary time to reduce the effect
of uncorrelated noise does not undergo change due to differences of the channels. Instead the
signal from the DUT and the correlated noise suffers from the asymmetries of the channels
because they are present on both of them. By the equation 1.8 can be seen that a phase of
A¢ between the channels causes a reduction of cos A¢ of the useful signal which results in a
decrease of instrument’s sensitivity. However, due to the typical low difference of phase (less
than 5° in the full bandwidth), this phenomenon is negligible in most cases.

Different gains can not modify the signal to noise ratio so there are no changes on the time
required to reach a determined precision of the measurement, but a calibration of the instru-
ment by measuring the gains of both channels is required to obtain a high accuracy of the
correlation measure. It remains to consider a possible delay between the two channels caused
by different paths from the front-end amplifier to the ADC or due to ADC itself. If this delays
7 are small compared to sampling time T, they can be modelled as a phase difference between
the channels that are a terms e/“7 in the frequency domain. If the delay is greater than the
sampling time, the fact that the sequences have finite number of samples must be taken in
to account: in the extreme case of delay greater than NT,. the two sequences are distinct
and completely uncorrelated: performing the correlation result in a void signal. In the most
realistic case of a delay less than NT, it can be shown that the result of the correlation on a
white signal with o2 is:

B|prvievie)| - (1-

NT, ) cos(wT) (1.13)

NT,

The cosine term is due to the mismatch between the two channels introduced by the delay.
The other term of reduction takes into account that with the increase of the delay therefore
linearly decrease the portion of the signal in common between the two channels; overall a delay
between the two paths decrease the useful signal similar to a phase displacement, leading to
an increased measurement time. At high frequencies the delay between the two channels is
the dominant effect: for example at 20 MHz a difference of 0.4m between the two transmission
cable is necessary to produce a 5% decrease of the useful signal (assuming a typical speed of
coaxial cables to be half the speed of light). During the construction this aspect has been taken
into account and both channels have the same topology, pcb layout dimension and internal
wire connection. The critical aspect can be then the length of external connection between
the instrument and the acquisition system: is therefore necessary to use coaxial cables of the
same length for the connection of the two channels. [10]
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1.4 Current mode front-end

In a current-mode front-end the useful signal coming from the device is read by a tran-

simpedance stage. With this scheme is very easy to bias the DUT since is connected to a
virtual ground, which follows the voltage applied at the non-inverting terminal of the opamp.

Cr1

v, (1)

A/D —
+
2
3 i
T ias C
Bl i
Rr2
(D=
Ir
C prrm—
P - v,(t)
NG in A(s) A/D
L -+
g2

V,

bias2
Figure 1.3: Generic transimpedance front-end

spectrum:

To obtain the correlated noise, and therefore find the performance limit of this topology, it

is necessary to calculate the opamp’s output signals V; and V5, and then perform the cross-

Correlated noise = R {E[V] (jw)V5 (jw)]}
In the scheme 1.3 the voltages V; and V5 are:

(1.14)



10 CHAPTER 1. PRINCIPLES OF OPERATION

Vi(s) = Verpin+ loainRe1 + Eoain ( #%) + ”OAQ%
= VAKTRp + /2, Rr1 + 1/ o4 (1 + RDHR% E) T "OAzm

Va(s) = Vrron + loaznRr2 + Eozn (1 + ﬁ%) * M%
— AKTRps + nOA2RF2 +1/ €200 (1 + ﬁ) T m%
(1.15)

where Vrpin, Vrre,n are the thermal noise of the feedback resistors, Ipa1.n, Ioa2,, the equiva-
lent current noise of the opamp, Eoain, Eoazn, the equivalent voltage noise of the opamp, Rp
is the DUT’s resistance which, thanks to a proper Vs biasing circuit, is the same from both
channels. All the noise generators in the equation 1.15 are all independent of each other and
then uncorrelated 2. Then the result can be obtained as the sum of separate contributions
calculated individually. The opamp’s input current noises E and the noises of the feedback
resistances Vgpp, since there are only on their respective channels, do not give contributions to
correlated noise (they contribute only to uncorrelated noise of individual channels). The input
voltage noise %O 41, thanks to the feedback, causes a voltage variation of the virtual ground
(the negative terminal of the opamp) which causes a current in the DUT which is read and
amplified by both channels. These are the only correlated noise sources. The output voltage
due to the single generator %o 41 are

| = (,. ke I
Vi(jw) = €noal (1 + R_D) + jw\/ €041 (Cp + Cp1) B
| — (R =
Vi) = \fom (2) + i\ FounCotte (116

Multiplying the parts of V; and V5 that are in phase with each other it’s possible to calculate
how much of the noise €2, ,, is correlated between the two channels: ?

. ./ — R R
BB Vi)V Goll) = Ty | (14 52 ) 2 + & ResRea(Co 4 G| (117
D D
The contribution due to €2, ,, is similar:
ey = Rpa\ Rp1 | 5
RA{E [Vi(jw) V5 (jw)l} =e2ou || 1+ &, ) Ry 7Y RpaRpi(Cp + Cp2)Cp (1.18)

This correlated noise is calculated at the output of the amplifiers. It is more useful to give
the equivalent noise at the input to make direct comparison with the signal from the DUT.

’In a case of bjt opamp this assumption is not completely true. For the following calculations, however,
all noises will be considered independent of one another.

3For the orthogonality property, the correlation of signals equal but out of phase by 90° (in quadrature) is
Zero.
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This can be done by dividing the outputs V; and V5 by the respective gains in the bandwidth
of the instrument (ie dividing the final result of correlation by (Rgy - Rp2).

—= — 1 1 1
z%correlated = 672ZOA1 |:(R_F1 + R_D> R_D + w2(CD + Cpl)CD:| +

— 1 1 1
2 i 2 1.1

Using the same structure and operational amplifiers for both channels, the equation can be

simplified by imposing €2, 4, = €245 = €20o4; For1 = B2, Cp1 = Cpa:

- — 1 1 1
Z%Lcor'related = 26%0,4 |:(R_F + R_D) R_D + W2(CD + CP>CD (120)

This value can be compared directly with the signal from the DUT fixing the ultimate

limit of sensitivity of the instrument. The magnitude of the correlated noise is inversely
proportional to the impedance of the DUT: higher is the impedance higher is the separation
between channels. At low frequencies the 1/f noise component of %O 4 may be the limiting
factor. Special care should therefore be taken when designing the transimpedance amplifier
by choosing low 1/f noise components for the input stage. At high frequencies, the second
term in 1.20 increases and becomes the limiting factor when the capacitance of the DUT
is particularly large: this is unavoidable and practically sets the effective bandwidth of the
instrument. It is evident that this front-end topology is well suited for the characteristic of
active devices and sensor based on mos structure or inverse biased diodes and piezoelectric
Sensors.

The uncorrelated noise value, affecting the required measuring time for reaching given sensi-
bility, can be expressed, referring to the figure 1.3, as:

2
_ . 4KT -1 Rp
2 = Zos+ o+ Bos" =y
nuncorrelated nOA R nOA R2
F F

14+ £
+ZD

(1.21)

with
Rp

= 1.22
1 + SRD(CD + Cp) ( )

Zp

It is useful to highlight the role played, both in correlated and uncorrelated equations, of
the operational amplifier’s noises sources. To minimize the instrument’s correlated noise, and
therefore decrease the threshold for a minimum detectable signal, the equation 1.20 suggest
to chose an operational amplifier with the lowest possible %o 4 equivalent series noise; con-
sequently from the equation 1.21 the uncorrelated noise becomes dominated by the opamp’s
current noise %O 4 and if this value is too high the minimum detectable signal, imposed by
correlated noise, requires an excessively long measure time as indicated by equation 1.12:
in fact both correlated and uncorrelated noise determines the overall instrument sensibility.
Another key component for the current-mode front-end overall performance is the choice of
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the feedback resistor Rr which affect both correlated and uncorrelated noise, the maximum
dut’s bias current and the transimpedance bandwidth: these requirements are in conflict with
each other and therefore there is no optimal Ry value.

Because of this many degrees of freedom and interdependencies, there are not an ideal design
but it must originate from the dut’s characteristics (impedance, bias and expected noise) and
a trade-off between the requirements in term of bandwidth and maximum available time for
the measure.

1.5 Voltage-mode front-end

A voltage mode front-end is made by two identical voltage amplifier stage with their inputs
connected together, as shown in figure 1.4. This structure is ideal when the DUT’s resistance
is low because minimize the correlated noise generated by the amplifier’s input-equivalent
noise generator.

e
() .
~ @ Vi)
,L"Z ou p—
n
= R
& m &
'
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3 3 iZ
(2 R
[
8_%‘ = =
' "
-/ @ ' v2(t)
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— - m— — = 2
P, m 8

n ’LR

Figure 1.4: Voltage mode front-end: all possible noise sources are indicated
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To calculate the correlated noise we must calculate the opamp’s output signals V; and V5 and
then perform the cross-spectrum:

Correlated noise = R{E[V] (jw)V5 (jw)]} (1.23)

In the scheme 1.4 the voltages V; and V; are:

Vi(s) = [en1 - Gi] + [in1+ - Zaut - G1] + [Rp1 - (ini— +ig1 + irp1)] + [inot - Zauwe - G1] (1.24)

Va(s) = [en2 - Go] + [ina+ - Zaut - G2] + [Rr2 - (ina— + ige + irr2)| + [in1+ - Zaut - Ga] (1.25)

where Zpyr is the impedance of the dut and parasitic capacitance of the nets between dut
and amplifiers, G; and G5 the non inverting gain of channel 1 and channel 2, respectively

RDUT
1+ S - RDUT . (CDUT + Cp)

Zour = (1.26)

IRF1, 'RF2, IR1, Lr2 are the thermal noise of the resistors, i,1_, in14, tno_, in2s the equivalent
current noise of the opamps, e,1, e,2 the equivalent voltage noise of the opamps, Rpyr is the
DUT’s resistance and C'pyr it’s capacitance. All the noise generators in the equations 1.24 and
1.25 are considered completely independent of each other and then uncorrelated. Therefore
the result can be obtained as the sum of separate contributions calculated individually. The
opamp’s input voltage noises e,,1, €,2, and the noises of the feedback resistances igr1, irr2, ir1,
1Rr2, since there are only on their respective channels, do not give contributions to correlated
noise (they contribute only to uncorrelated noise of individual channels). The input current
noise 7,14+ and 7,0, at the non-inverting inputs of the operational amplifiers, due to dut’s
impedance, causes a voltage variation across the dut, which is then read by both channels
and are the sources of correlated noise.

Considering only these generators the equations 1.24 and 1.25 can be simplified

‘/1(5) = [inlJr ' Zdut ' Gl} + [in2+ : Zdut : Gl] (127)
Va(s) = [inot - Zawt - G2 + lin1+ - Zgur - G

The output voltages due to the single generator ¢, are

%(S) == inl—l— . Zdut . G1 (128)
V2(5) =iy Zaut - Go
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and therefore

) . Rpur } ) [
Viljw) = |i.G — jw i+ G
1(] ) [ 1+G1 1 (WRDUT(CDUT n Op))g J 1+G1

. ‘ Rpur .
VQ(JW) = {%m Go ] — Jw |:Zn Go
* 1 + (UJRDUT(CDUT + Cp))2 1+

RQDUT(CDUT +Cp) ]

1+ (WRDUT(CDUT + Op))2
Rbyr(Cpur + Cp) }

14+ (wRpyr(Cpur + Cp))?

Multiplying the parts of Vi and V5 that are in phase with each other it’s possible to calculate
how much of the noise 4,4 is correlated between the two channels: 4

RAE Vi (ju) V5 (ju)]} = 211 [G1GalZpur|* + w*GiGs| Zpur|* Ryyr (Cour + Cp)?] - (1.29)
The contribution due to 4,5, is similar:
RAE Vi (jw)V5 (ju)]} = 251 [G2Gr|Zpur|* + w*GaGh| Zhyr Rbur(Cour + Cp)?] - (1.30)

From equations 1.29 and 1.30 it is possible to obtain the total correlated noise at the amplifiers
output. Since the two channels are identical some simplifications can be made: G; = Gy = G
2

) 2 _
and an-i— - Zn2+ =1y

” 27 (G| Zpurl? (1 + w* Ry (Cour + Cp)?)] (1.31)

ncorrelated,out =
This correlated noise is calculated at the output of the amplifiers. It is more useful to give
the equivalent noise at the input to make direct comparison with the signal from the DUT.
This can be done by dividing the outputs V; and V5 by the respective gains in the bandwidth
of the instrument.
= QE “ZDUT’Q (1 + w2R2DUT(CDUT + CP)2)} (1.32)

2
Uncorrelated,in

The uncorrelated noise, input equivalent, can be expressed as

— - = R2 R2L4KT R

/Ununcorrelated,in

As for the current-mode front-end previously discussed, some general consideration can be
made about the design of a voltage-mode front-end.

1.6 Current versus voltage measurement

As most of the primary physical noise sources in electronic devices are in the form of current,
the current-mode scheme is often preferred. It has practical advantages in term of simplicity
of connection since almost all of integrated semiconductor devices can be biased directly
through the instrument transimpedance amplifiers, avoiding an external bias and coupling
network; its weak point is the high level of correlated noise for devices with low impedance
value. Consequently, the parameter to make the choice between current-mode or voltage-mode
set-up is the dut’s impedance.

4For the orthogonality property, the correlation of signals equal but out of phase by 90° (in quadrature) is
zero.
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Instrument overview

As indicated in section 1.6 there is no an optimal front-end topology for all type of devices
but instead the circuit must be adapted to the device characteristic, especially its impedance,
to minimize correlated and uncorrelated noise and improve the sensibility. Previous version
of the correlation spectrum analyser have, for simplicity of construction, front-end and all
other circuits on a single board: they were then optimized for a specific type of dut ' but
completely unsuitable for all other types. To improve the situation was decided to build this
new version with a modular structure, showed in figure 2.1, as its main feature: the front-end
is interchangeable while all others control and amplification circuits are placed on a dedicate
distinct board, the mainboard, which is more complex compared to the equivalent function
circuits on the old version, but can interface and manages virtually all type of present and
future front-end without needing to be replaced or updated. The new other important feature
is the system control scheme; all old instruments have trimmers and switches to set the bias
voltages and three digit led display to show it to the user. These manual control suffer
from generally low precision, temperature drift and are tiresome to use when the front-end
have filters on dut bias voltages with sub-second time-constant and non-lineare dependence
between applied bias voltage and current, as a mosfet for an example. In this new instrument
all manual control are removed, replaced by a National Instruments DAQ pci control board
placed installed inside the computer: therefore the software has changed, integrating both
signal processing and instrument control.

' Mosfet devices with relatively high, up to 1mA, channel current.

15
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Figure 2.1: Overview of the instrument components and connections

Mainboard to Front-End connection

Front-end and mainboard are connected by a 100 pins 90 degree insertion connector; about
half of this pins are dedicated to signals:

e analog signal from the front-end amplifiers output to the mainboard stages inputs

e power supply

e lines from NI6289 control board to the front-end: among these there are adc analog
inputs, dac outputs and gpio digital signals; this give an high level of versatility to allow
future development of any possible type of new front-end.

e pass - through lines from auxiliary bnc connectors

The remaining =50 pins are dedicated to ground, to provide a good reference plane on the
front-end board and a low inductance return path for the output signal of the front-end
amplifiers.

Power Supply

The instrument must be powered by external dual £20V power supply with at least 500mA
of output current. The on-board voltage regulator can run down to +17V and up to £35V
without any performance degradation, but with increased heat production since there are
only linear regulators on the mainboard.
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Auxiliary connectors

There are four general purpose bnc connectors on the instrument front-panel. They are
simply connected to the mainboard and then to the front-end through the 100 pin connector.
Any laboratory instrument can be connected at these bnc’s to measure or give additional
bias voltages. During the thesis work was typically used when the voltages generates by the
N16289 board are to low to correctly bias the dut?.

Fast digitizer NI-5122

This board is the digital part of the instrument: it have dual 14bit 100MS/s ADC’s, one for
each channel, with variable input gain and full scale level, selectable input impedance (5012
or 100MS2, AC or DC coupling) and 32MB/Channel on-board memory. All its parameters
are configurable by software.

Multifunction board NI6289

The NI-6289 is a high accuracy multifunction data acquisition board with 18 bits input ADCs
and 16 bits output DACs and a number of GPIO pins. It is used to drive all digital command
signals (relays, programmable output amplifiers, analog multiplexers) required to configure
the instrument. Its output DAC’s can swing between + 10V and goes directly to the frond-end
board through the mainboard to front-end connector and are typically used to bias the dut,
depending on the front-end type. Input ADC’s are used to acquire DC outputs of front-end
boards.

2.1 Physical design and layout

The main-board and the front-end are placed inside a tick rectangular aluminium enclosure:
the entire instrument is visible in figure 2.2. On the right side there is a rectangular aperture
for two multi-polar connectors to the NI6289 control board; on the same side there are the
two channel’s output bnc which must be connected to the NI5122 acquisition board. The
pass-through connector are on the front-side while power connectors and switch are placed
on the rear panel. To maximize the shielding effect the lid, not visible in the image, is
electrically connected to box with a copper cable: this makes the entire enclosure a Faraday
cage, preventing electromagnetic interference to entering the instrument and to be collected
from the dut. 3

2This has happened with Ofet devices
3Due to high sensibility of the instrument some interferences, especially from mains power networks, are
always present in the acquired spectra.
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Figure 2.2: The instrument viewed from top side without cover lid. The mainboard is the
board on the right

2.2 Graphical User Interface

The two National Instruments boards, and consequently the entire instrument, are controlled
by a pc software developed in Visual Basic that give a full Graphical User Interface (GUI)
to end users. The current appearance of the GUI is still of a debugging interface, with some
advanced parameters for hardware low-level control; however it allows high level use of the
instrument also without a complete and deep knowledge of underlying hardware. Figure 2.3
is the main control windows. The main graph shown the signals at the inputs of the NI5122
digitizer in real time: this feature allows to verify the output of the correlation spectrum
analyser at the beginning of a measurement session and consequently set all the mainboard
control parameters to keep the acquired signals in the correct range to avoid adc’s saturation
or under-use of their input dynamic; in fact this windows acts like an oscilloscope and therefore
its control, the trigger and adc box, refer to those of an oscilloscope. The remaining area is
occupied by various control reconfigured depending on the used front-end: at the start-up the
software shown a pop-up windows to let the user to choose which of them is connected.

A specific control box, shown in figure 2.4, is dedicated to set-up and start the spectrum
acquisition. Here is possible to choose between different measurement type (cross correlation
between channels, single channel spectrum, ratio between channels, etc...) and enter the file
name in which the measurements will be saved. At the end of a measure the software save
two different file, named genericfilename.scsa and genericfilename.cfg: the first contain the
result spectrum in form of a raw data, the second is a standard ascii text file reporting all
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Figure 2.3: Main window of the instrument’s control software

single acquisition block, block is the total number of block to acquire. From this two values,

and sampling-rate, the software compute and shown the corresponding values of RBW and
total acquisition time. At the press of the acquire button the instrument start the acquisition

routine.

The other important software component is the file viewer, showed in figure 2.5 with a real
magneto-resistance noise spectrum. With this tool is possible to open and view the saved .scsa
file which contain the saved spectrum. It is also possible to convert a single raw .scsa file, or

an entire folder, to standard .csv files that can be easily used for further post-processing.
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Figure 2.4: Signals acquisition control box: RBW[H z] and Time[S] are read only fields, their
value are calculated from nrecord, block and sampling rate entered values.

[ Spectral data analyzer i ] B4
File Au Gain ] 0 Eﬁ Filepath 13 ALFA GAMMA COMPLETE \gamma"cross LPF 34 GuA scsa
1E10 il

1 1
100 10000 1E+05
Frequency range 115-335"‘2 :] 1155.353 kHz ; je%"| [ Logaritmic scale -
: BT =1 [100e-15 ] - -
SRR 113 18 j ]‘IuDe 15 - ‘Yscale min I'_ZE_‘E Yecale max m
Vlsualization points ]15:5 :] ¥ Averaged 1
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Chapter 3

Design of the mainboard

3.1 Mainboard function and capabilities

As shown in the chapter 2 the mainboard constitutes a central key component of the overall
instruments: it is an hub between the front-end, control board, data acquisition board and
external auxiliary signals which can be brought by bnc connectors. On the mainboard are
placed the two main amplifier circuit, one for each channel, whose purpose is basically to take
the signals from the front-end and drive the ADC placed on external NI5122 acquisition board
inside the pc. They are in fact voltage amplifier with a band-pass transfer function: middle-
frequency gain, high-pass and low-pass cut frequency are all configurable. There are also
configurable noise generator, useful to do characterization measure on the DUT, for example
transconductance g,, measure on a transistor type device. In figure 3.1 is shown a high level
diagram of all circuit block; dark lines represent the analog signal path, while the grey ones
are digital control signals. On the mainboard are placed all the power supply circuits for both
the mainboard itself and the front-end.
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GENERATOR |

/ wpro 9 Gano B Lpr o\ gfézoz
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wpr1 = can it = pr N\ P> gfézoz
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Figure 3.1: Block scheme of the mainboard subsections and their interconnections
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3.2 Channel Amplifier

The channel’s amplifiers on the mainboard amplifies the front-end output signal up to a useful
level for the ADC in the acquisition board; since the front-end is interchangeable, and the
acquisition board’s full scale is selectable in a wide range from +100mV to =10V, it’s not
possible to define a ideal fixed gain value; thus was decided to make the overall amplifier
configurable by control software with selectable values for upper and lower bandwidth limits
and middle frequency gain.

FRONT FIRST PGA PGA OUTPUT DAC
END [P HPF =P GAIN PREAMP  [==P»{ Gmin =-0.08 == AMPLFIER LPF —
STAGE Gmax= +10

INTEGRATOR

Figure 3.2: Diagram of operation of the acquisition channel amplifier on the mainboard

The overall design, visible in figure 3.2, start with an high-pass filter to remove the dc com-
ponent always present at the output of the front-end stage due to its various offset source or
as a result of dut polarization; for example in a current-mode front-end as the one described
in section 1.4 the output of the transimpedance amplifiers reach almost the power rails when
provide the maximum dut’s bias current. Subsequently the first stage, in addiction to provide
some of the overall gain, decouple the filter from the programmable and output stage. The
programmable gain amplifier can both amplify or attenuate the signal: this feature allows
to obtain, with the maximum attenuation, an overall gain around unity for the mainboard
channel amplifier, useful when the signals from the front-end swings almost rail to rail and
therefore no amplification is needed to feed the acquisition board. An integrator placed in
feedback loop remove the dc offset generated by the pga and output stage, which could sat-
urate the adc when they are set at the lowest input range. An optionally low pass filter of
2= 10k H z at the end of the chain allows to use low adc sampling rate and therefore reduce both
the minimum detectable frequency and processing time when the full instrument bandwidth
is not needed or the front-end is specifically designed for low frequencies.
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3.2.1 High pass filter and first gain stage

To avoid high amplification of the dc voltage, always present at the front-end output due to
offset or dut bias, the first stage is composed by an C-R high-pass filter whit fixed C;, =
1pF' capacitor and four selectable R;, of 1G€2, 10M €2, 300k€2, 10k€) to obtain an high pass
frequency of 160uH 2z, 16mH z, 0,53H z, 16 H z, respectively. The R;, selection is made by the
ADG1409, a digitally controlled analog multiplexer.
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Figure 3.3: AC Coupling and first amplifier stage

To decouple the filter from the subsequent stages, the first gain stage is made by an operational
amplifier in non-inverting configuration which must have the following characheristics:

e high input impedance, to not alter the filter response when the R;, = 1G(Q is selected
e low voltage offset and low input bias current, to avoid high dc offset at the output
e required bandwidth

e lowest possible noise, to not add additional uncorrelated noise

The ideal amplifier was found to be the J-Fet input OPA657, which has R;, = 10'2Q, ., =
2,A, V,s = 0.25mV from which follows a maximum output dc offset of 2.25mV when using
R;, = 1GQ. It’s voltage noise is 4.8nV/ V/Hz, a very low value thanks to it’s J-Fet input
stage; this allow to ignore completely the mainboard amplifier’s noise from the calculation of
correlated and uncorrelated noise, which therefore depend exclusively by the front-end design.
This opamp have an absolute maximum of £6.5V for supply voltage and input voltage range,
thus is powered by the +5V rails. The front-end stage may instead be powered by both £15V
and 5V rails, depending by the front-end design; therefore up to £15V can be theoretically
present at the input of the OPA657, typically due to a step-change in the dut’s bias voltage
and a consequent temporary saturation of the front-end amplifier stage. To avoid damage
at the OPAG57 there are two diodes, placed in a back-to-back topology at the input of the
operational amplifier: during normal cross-correlation measure the output of the front-end
are very low, ideally only the noise of the front-end itself !, well below the diodes threshold
voltage which act as an open circuit; they go in forward conduction only when the output
of the front-end reach the threshold voltage, acting as a simple clamping protection. The
OPAG57 is configured in a non inverting-topology, giving a gain of (1+ (Ry/Rz)) = 10,2 and
a —3dB bandwidth of approximately 275M H z

LOverall the cross-correlation spectrum analyser are useful when the input signals coming from the dut
are of the same magnitude, or even lower, of the front-end instrumental noise.
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Figure 3.4: Simulation of first amplifier stage and ac coupling transfer functions, for each
selectable R;,

Figure 3.4 reports simulations of the high pass filter and first gain stage for each selectable
Rin

3.2.2 Programmable Gain Amplifier, Output Stage

The second part of the channel’s amplifier is based on two integrated circuit, THS7001 and
THS3091, both from Texas Instruments. The first is a high-speed programmable-gain ampli-
fiers that consists of a separate low-noise input preamp and a programmable gain amplifier
(PGA). The preamp is a voltage-feedback amplifier offering a low 1.7nV// v/ H z voltage noise
with a 100MHz (-3dB) bandwidth. The output pin of the preamp is accessible so that filters
can be easily added to the amplifier. The 3bit digitally-controlled PGA provides a -22dB
to 20dB gain range with a 6dB step resolution. In addition, the PGA provides both high
and low output clamp protection to prevent the output signal from swinging outside the
common-mode input range of the subsequent stage. The PGA provides a wide 7T0MHz (-3
dB) bandwidth, which remains relatively constant over the entire gain/attenuation range.
These devices operate up to =16V supply voltage range thus is powered by the £15V rails.
The preamp is configured as an inverting amplifier, with a gain of —(R;/R3)) = 2 to make the
sum of the signals from the preceding stage and from the active integrator loop. The PGA
simply take the preamp-output, amplify it and drive the next stage made by the THS3091;
this one is made by a current-feedback amplifier with a non-inverting gain of (1+(R;/Rs)) =5
which have enough strength (output current, slew rate, large signal bandwidth) to drive the
5012 terminated transmission line formed by the coaxial cable and the acquisition board.
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Figure 3.5: Programmable Gain Amplifier, output stage and integrator feedback loop

3.2.3 Integrator feedback loop

The total output offset, caused by the different amplifier of second stage, is eliminated by
an additional feedback loop containing an integrator as shown in figure 3.5; this circuit syn-
thesizes, with active components, the transfer function of an equivalent high-pass passive CR
filter placed at the output, which is not feasible, due to the low output impedance of 502 due

to the terminated transmission line.
The loop gain and ideal gain of the integrator stand-alone is

R AoR SCR
Gloopins = — 517 A0 = 5505 = ~AoR——<~%
R+ el HT 1+ SCR
1
Gi ealint — NS
deatint = SCR
Therefore the real gain of the integrator stand-alone is
1 1
Grealmt = =

1+ SCR(1+ Ag) 1+ SCRA,

Using it to calculate the loop-gain of the entire stage

G'loop = Grealmt [Gpreamp] [GPGA] [Goutputstage] = Grealmt [Gandata]

This can be used to calculate the real gain of the entire stage

G o Gandata o Gandata
real — -
1— Gloop 1— GrealGandata

Gandatu ( 1 + SORAO)
Gandata + SCRA

Greal =

(3.1)

(3.2)

(3.3)
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The transfer function has two singularity: a zero and a pole. To maintain constant the pole
frequency at 16mH z, the resistor R is selectable by an analog multiplexer, the ADG1409, as
show in figure 3.5 In the table 3.1 there are correspondences between the PGA gain and the

selected resistor. .

21 (CR=22—)

Gandata

fpole =

(3.9)

PGA Gain | Resistor

0.08 400k
0.16 800k
0.32 1.6MQ

0.63 3.2MQ
1.26 6.4MQ
2.52 12.5MQ
5.01 25MQ
10.0 50MQ

Table 3.1: Correspondences between PGA selected gain and integrator feedback loop resistor

For the active integrator the choise was the analog devices AD820, an opamp with the im-
portant features of low offset voltage and low bias current: the residual output offset is the
sum of the offset of operational amplifiers used for the integrator and the potential drop on
resistance R due to the current bias of the same opamp.

The choice of the resistor consequently set the value of zero’s frequency, which then changes
depending on the selected pga gain. Due to the high value of Ay = 150000 the zero is well
below the pole, and everything it’s ok.

fzero,min = 22nHz
fzero,mar = 265MHZ
(3.10)

3.2.4 Anti aliasing filter

The need of a low-pass anti-aliasing filter coming from the limited performance of the acqui-
sition board and the computer. At high frequency the limit is the shannon theorem which
impose a minimun sampling frequency to acquire the signal without aliasing artifacts; at low
frequency the limit for an useful measure is the time required to acquire at least, ideally,
two samples per period. These two requirements can not be fulfilled simultaneously due to
limited memory of the acquisition board: at 100MS/s the adc board memory, 32MByte for
each channel, are filled after = 183mS, giving a minimum teoretical detectable frequency of
= 5.46Hz. To solve this problem was decided to place an analog anti-aliasing filter at the end
of the channel amplifier, which allow the use of a lower sampling frequency and consequently
longer acquisition time, making possible to measure the input signal in to the milliHertz
range. Another benefit of the low pass filter is the speed-up of data elaboration when a
high frequency dut characterization is not needed: here must be remarked thath, with the
maximum sampling rate of 100MS/s and available processing power, the elaboration is about
hundred times longer than the sole acquisition time. With the low pass filters enabled the
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sampling rate can be reduced at 100kS/s and the elaboration time becomes negligible: this
means that the total measurement time is reduced to one-hundredth of the value at 100MS/s
or, dually, that the same total duration at 100MS/s correspond now entirely of acquisition
time, allowing a decrease of uncorrelated noise and better sensitivity.

The structure of the filter is shown in figure 3.6
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Figure 3.6: Low Pass filter stage: the two operational amplifiers and biquadratic cells low
pass filters are integrated on the same device

Overall is a fourth order Butterworth 5kHz low-pass filter which have the flattest possible
passband response. It was chosen the fourth order because higher order filters have a too high
sensitivity to the components used that makes difficult to construct two filters with the same
phase characteristics (as shown in paragraph 1.3 the phase difference between the two channels
lead to a reduction in the useful signal output after the cross-correlation operation). The filter
is splitted in two bi-quadratic cell with an additional optional gain stage placed between them,
made by a single chip programmable gain amplifier PGA013; a double relay at the input allow
to engage or disengage the anti-aliasing filter from the signal path. Each bi-quadratic cell is
made with a Texas Instruments UAF42, a monolithic chip that include inverting amplifiers
and integrators that can be configured for a wide range of low-pass, band-pass and high-pass
filters; the two filtering stage was designed by the specific cad design program for the UAF42.
In the UAF42 there is also another unconnected opamp with GBWP of 4Mhz for any other
general purpose use. These two amplifier, one for each chip, are used in conjunction with the
analog multiplexer ADG1409 to make an integrator placed in feedback loop around the filter
stage. This circuit synthesizes, with active components, the transfer function of an equivalent
high-pass passive filter C'R at the output of the filters stage, to strongly attenuate the output
DC offset generated by the anti-aliasing circuit itself, emphasized when the additional gain
is setted to 10 or 100. It is exactly the same circuit topology used for the integrator loop
around the programmable output amplifier and output stage. The residual DC output is due
only to the dc offset of the operational amplifier used for the integrator and the voltage drop
on the integrator’s resistor R due to the input current bias of the same opamp. Since the
operational amplifier integrated in the UAF42 have an offset voltage of 0.5mV and a input
bias current of 10pA the maximum DC residual offset voltage of the anti-aliasing filter stage
is only 1.5mV
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The 502 impedance matching at the input allows the output amplifier (THS3091) to work
always in the same output load condition, regardless of whether the filters are engaged or
disengaged, to avoid any static gain error. At this low frequency (few kHz) the impedential
matching between the source and the cable is not required so the acquisition board input is
configured by software at high impedance when the anti-aliasing filters are active: this avoid
the use of an additional high current output buffer placed after the second UAF42 filter stage;
to improve the stability of this last UAF42 a 5012 resistor is placed at its output to isolate it
from the coaxial cable capacity.

3.3 Noise generator

As stated in the relative chapters, some front-ends are able to perform some kind of charac-
terization on the DUT; typically is very useful to have a transconductance g,, measure since
it often appears in the equations that define the dut noise. The easiest way to measure the
gm with a spectrum analyser is by driving the gate (or other dut’s input terminal) with a
wide spectrum noise covering all the frequencies of interest: by calculating the ratio between
the DFT of DUT’s output current and the drive signal is possible to obtain, with a single
measure, the DUT transconductance over the full instrument bandwidth. Typically all kind
of microelectronic devices show a 1/f noise spectra superimposed over a white noise level.
To make a good g,, measure over the entire frequency range without saturation is useful to
have a noise generator capable of generate a 1/f noise superimposed over a white noise level.
It was therefore decided to integrate a noise generator on the mainboard, able to generate
configurable levels of white and 1/ noises. In figure 3.7 is shown a high level diagram of all
circuit block of the noise generator section.
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WHITE |l GAIN
NOISE STAGE
PGA PGA OUTPUT ouTpuT
PREAMP == Gmin = -0.08 [==jp»] HPF  |=P| BUFFER |
Gmax= +10
14 _’ GAIN
NOISE STAGE

Figure 3.7: Noise generator circuits overview

To obtain the white noise the basic idea is to simply amplify the voltage noise generated by a
resistor: in fact due to the limit of operational amplifiers it’s impossible to obtain a flat noise
generator over the entire useful bandwidth (16mHz, +40MHz) of the analyser with only a
resistor ad an opamp; the solution is to split the generator in three different bands and join
them together; figure 3.8 shown the block diagram of this solution.
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Figure 3.8: White Noise Generator block diagram.

The first two subsection are made around an OPA124, a precision difet operational amplifier
chosen for its very low input current noise and corner frequency, to obtain a noise level
dominated by the accurate value of the input resistor. The first subsection generate noise
up to 10Hz, the second up to 10kHz. The third section is make around an OPA657 and
contributes to the output noise from 10kHz and above; then they are joined by the CR-RC
filter between them. Complete circuit is shown in figure 3.9
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Figure 3.9: White Noise Generator complete circuit

Obviously this is a simplified analysis of the circuit which can not generate a true white
noise; resistor tolerance, different temperature between them, noise generated by operational
amplifier and feedback network: all this side effect contribute and change the ideal white
output spectrum, but for the purpose of the generator this is not a problem. Since the
transconductance is obtained as the ratio between dut’s output current and noise generator
signal, this one does not need to be true white but only relatively constant over the useful
instrument’s bandwidth.

To give maximum flexibility the !/f spectra is generated by a selectable device: there is a
place on the motherboard to plug a discrete n-channel mosfet, whose V,,, and therefore its
noise level, are adjustable by a digital controlled trimmer.
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Figure 3.10: 1/f noise generator: the nnmos device is not soldered on the board, but there is
a socket where a discrete device can be inserted. The trimmer that select the Vi, is digitally
controlled by the control software
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White and !/f noises are then amplified by a factor of 10 by two opamp in a simple non-
inverting gain configuration. For this role the choice is the ADA4817, an integrated circuit
composed by two opamp whit GBWP of 10560MHz in the same package. The presence of an
independent power-down pin for each amplifier allows to choose the noise source: only white
noise, only /¢ noise, both together or no noise at all.
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Figure 3.11: Independently gain stages for white noise and 1/f noise

After the white and 1/f gain stages there is a programmable gain amplifier, the same THS7001
used in the signal channels, consisting of an operational pre-amplifier and a programmable
gain amplifier with gain ranging from -20db to +20db. The pre-amplifier is in a non-inverting
configuration and perform the sum of white and !/f noises, then the pga perform further
amplification or attenuation of the noise level. An additional relay at the input of pga allows
to connect (and amplify /attenuate) an external generator instead of the internal one. After
the pga a 16mHz RC high-pass-filter remove the dc component generated by offsets and bias
currents of all previous stages. Finally a buffer drive the output line to the front-end and the
adc acquisition board.
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Figure 3.12: Programmable gain amplifier, high pass filter and output stage of the noise
generator. The relay give the opportunity to connect an external generator

3.4 Power Supply

To separate as much as possible the two channels, and thus to obtain a low crosstalk between
them, each one have its own power supply circuit. This section provide all the necessary
voltage to the mainboard amplifier and to the frond-end. Each channel need four stabilized
voltage to operate properly, £15V and +5V. The £15V regulators works with external
input ranging from £18V to 35V, provided by an external laboratory power supply unit or
lead-acid battery. The 45V regulators take the regulated 15V as inputs. The extremely
high sensibility of the instrument prevent the use of high-efficiency switching regulator which
typically create a lot of electromagnetic noise at the switching frequency and at the higher
harmonics. Therefore each power supply line is made around a linear fixed voltage regulator
of the LM7xxx series; they have built in current limits, thermal shut-down and safe area
protection, making them very robust and easy to use. In the chosen D?PAK package they
can deliver over 1A of output current, much more than necessary to the second stage, to
avoids creating a limit for future developments of more complex front-ends.

In addiction there are four additional supply line, again £15V and £5V, to power the noise
generator on the mainboard and some auxiliary circuitry present on each front-end board, for
example temperature sensor, magnetic field generator, bias circuitry for devices with substrate
/ bulk contact, etc... They are make with the same topology of the signal’s channel’s power
supply circuit, the only difference is the choice of LM7xxx regulator in the much smaller
DPAK package, capable of only 500mA of continuous DC output current, more than adequate
for the need of the noise generator and auxiliary circuitry.
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3.5 Physical design and layout

The mainboard is made on a standard four layer pcb, 1.6mm overall thickness, 35um copper
thickness. Top layer are dedicated to analog signals and digital control signal run almost only
on the bottom layer; the two inner layers are reserved to power supply signal and ground plane,
respectively. The populated mainboard is visible in figure 3.13 with the various sub-circuits
and connectors highlighted.
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Figure 3.13: Image of the populated mainboard with highlighted main function blocks and
connections



Chapter 4

Current sensitive front-end

The front-end described in this chapter is an ideal prosecution of previous works already done
on cross-correlation based instruments [1], [2], [7]

It is a current-mode front-end designed to measure integrated semiconductor devices based
on MOS structure that operate above the threshold gate voltage in saturation zone: this kind
of devices have high drain-source and gate impedance, relatively high channel bias current
(up to the mA range), and their noise are often dominated by the 1/f component; the goal
of characterization is to reach the corner frequency of the 1/f noise, measure the white noise
where it becomes prevalent and compare the value with that predicted by the semiconductor
device model. It is also required to take the transconductance measure at the same bias
condition of noise measure, to calculate the equivalent noise sources at the input of the DUT.
Considering all this requirements, following the various trade-off described in the general
analysis of the current-mode front-end (section 1.4) this circuit was designed with a relatively
small feedback resistor to handle bias current up to 1mA and reach at least 10MHz of useful
bandwidth. The bias network are able to perform g,, measure from both gate and source
terminal, and moreover is possible to measure the drain-gate early resistance.

33
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4.0.1 Design of the front-end stage

The feedback resistor Rp of the scheme in the figure 4.1 limits the current dynamic of the
instrument: in this resistor flows the ac signal and the DUT dc bias current, so the value of
this resistor can not be too high to avoid saturation of the transimpedance stage
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Figure 4.1: Basic transimpedance gain stage

Imposing the limits of 750uA for the bias current and 5V for the drain/source voltage bias
(given with the virtual ground), Rp has been chosen with the equation:

Vel + aw|Re <V,

Utmax

‘/OUtmax - |‘/7"Lf| ~Y 125V B |5V|

|Idut| |Idut|
The choice of Rp value is a critical aspect because it determines the maximum output current,
the bandwidth and the total input current noise: an high value reduce the uncorrelated
equivalent input noise but decrease the bandwidth and the output current, while a low value
increase both bandwidth and current at the cost of increased uncorrelated noise.

The choice of Rp value, limits on maximum output swing and common mode input voltage,
required bandwidth (GBW P >> 10M Hz), input current noise < 1pA/ V/Hz, voltage noise
as low as possible and the needing of low bias current! << 30uA have led to the choice of
operational amplifier THS4021 by Texas Instruments which most significant parameters are
shown in table 4.1.

To make the amplifier stable with phase margin ®,, > 50 with C; = 5pF' the passive network
shown in figure 4.2 has been added at the output of the amplifier.

The network, where all elements are dependent and interacting with each other was designed
to have C1,Cy > Cf,C) with Cf = Cgy + C;, so the reactive elements can be considered
non-interacting in pairs. The compensated partition reduces the Gy, while the two resistors
Ry and R, compensates the phase loss due to the finite output resistance of the opamp. In
figure 4.3 is shown the feedback loop at low and high frequency.

Rp

IA
|

= 10k9) (4.1)

!To permit an accurate reading of Ipy7 down to about 30uA
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Figure 4.2: Designed transimpedance stage with complete feedback network

At low frequency, with (R, + Ro) << (R1, R2, Ry, Raut) and Ry << (R; + Rgut), there are
two independent poles and two independent zeros.

1
fz,l N 27T(R101)
1
9 - -
fZ, 27T(R102)
1
1 pu—
fp, 27TR1 (Cl + CQ)
1
fp,2 = (4.2)

2m(Ro + R.)(C1]|Cy)

Imposing f, 2 = f,2 and an attenuation of 3 of Gy, by imposing f,1 = 3f,1 (that is Cy = 2CY)
the components values are: Ry = 502, R, = 252, Ry = 1k, Ry = 100k$2, Ry = 10k, C =
10nF,Cy = 20nF

Parameter Condition | Typical value
Input voltage noise | f > 10kHz | 1.5nV/vVHz
Input current noise | f > 10kHz 2pA/VHz
Input impedence Vg =15V | 1MQ|[1.5pF

Input offset voltage +25°C +0.5mA
Input voltage range | Vs = £15V +14.3V
Voltage Output Vg = £15V +15V
GBWP G=10 350M Hz

Table 4.1: Most significant parameters of THS4021 operational amplifier.
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Figure 4.3: Feedback network at high(sx) and low(dx) frequencies

At high frequency there are other two poles and one zero:

% N QW(Rfo)
1
3 =
Ip 27 (Ry|| Rgut)(Caus + C)
1
fp4 =

27 (Ro|| Ry )(Cawt||C)
(4.3)

All the poles and zeros of the Gj,,, are reported in the table with a R4, = 15k€2.

Singularity Value
fp, 1 5.3kHz
fz,1 16kH 2
D, Lopamp 30kH z
fp,2=fz2 318kH z
p, 3e 4.6 MH=z
fz,3 22.TMH=z
1D, 20pamp 168.7TMH =z
fp, 4 13.6GH=z

Table 4.2: Loop gain poles and zeros.

In conclusion the transimpedance amplifier is stable (phase margin ¢,, < 50°) with a Ry, =
15k and typical capacity of Cg,y = 100fF. The stability is guaranteed for any DUT char-
acterized by a resistance Ry, > 500{) and a parasitic capacity negligible compared to 5pF
estimated for the dut front-end connection. The feedback network introduces an additional
equivalent input noise of 0.4pA/ V'Hz, negligible compared to 2.4pA/ V'Hz given by the am-
plifiers and the feedback resistor Rj.
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4.0.2 Drain and source bias network

The transimpedance topology of the front-end makes very easy to bias the DUT terminals,
thanks to the fact that the negative input of the operational amplifier, and therefore the dut’s
terminal, is a virtual ground: its voltage DC value is the same applied to the positive input
terminal, with only a small error due to non-infinite open loop gain A, of the operational
amplifier.

(4.4)

Greal — Gideal 1 ‘

Greal GZOpp([))
The virtual ground effect requires a clean voltage reference to work properly: every signal
present at the opamp’s positive input is reflected at the dut’s terminal, not only the dc value.

In fact a noise at this terminal is in series with the input equivalent voltage noise of the
opamp itself, and have consequently the same effect on correlated and uncorrelated noise as

summarized in equation 1.20 and 1.21
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Figure 4.4: Transimpedance amplifier with bias circuitry

To minimize this problem the voltage reference, coming from the DAC of the national-
instrument control board, pass trough a low pass filter made by Rbias and 5 capacitor, valued
100uF, 1pF and 100pF placed in parallel. The filter low pass cut frequency is then 16mH z.
The drawback of this solution is the voltage drop across the filter resistor Rbias, due to the
THS4021 input bias current of 6uA, which causes a uncertainty of 300mV on the voltage at
the input pin. Decreasing this offset by lowering the resistor value is not a solution, because
should correspondingly increase too much the value of the capacitor. The solution is to read
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the value present at the non inverting input of transimpedance amplifier and consequently
drive the voltage source. Its in fact a closed control loop on the bias value made by the adc,
dac and pc software. It is possible to drive the DUT’s terminal with useful signal by connect-
ing a voltage source V;, at the capacitor’s input of the RC filter, that act at the same time as
an high-pass filter for the input signal and as a low-pass for the DC bias. This feature make
possible to measure the DUT’s g, and Ry, as will be shown later. The V;,, come from the
internal noise generator. This option is present only in the source’s channel. The complete
transimpedance circuit at both channels is shown in figure 4.4
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4.0.3 Gate bias network

The gate bias network is designed to make possible to measure the correlated signal generated
by the DUT (it own noise), it transconductance gm from gate or source terminal, and the
Ry (the early resistor for a mosfet in saturation zone). This is achieved by the use of rele
to reconfigure the circuit topology for a specific measure. In figure 4.5 is shown the overall
front-end circuit, with all relay and passive components. In the subsequent sections of the text
each configuration will be described simplifying this schematic to highlight only the relevant
parts.

.
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1L

R7
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Figure 4.5: Complete current-sensitive front-end circuit
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Cross-Correlation configuration

Cf 0.47p
11l
LR
Rf 10k
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b THS4021
__ V Drain

Figure 4.6: Current-sensitive front-end: cross-correlation configuration

This is the configuration for measure only the noise coming from the dut itself: only the
DC bias value are present at the non-inverting inputs of the transimpedance amplifiers, and
consequently at the dut’s source and drain terminals. The signal generator is turned off and
disconnected from both the source and gate bias networks. The DC generator for gate bias is
made by the NI DAC output and has inevitably its own noise which, if the generator was put
directly at the gate, would drive the transistor producing an unwanted correlated signal that
would cover the current noise of the dut; therefore the DC gate bias generator must be filtered
to attenuate this effect. The easiest solution is to place a low pass-filter between the generator
and the dut’s gate. The circuit is shown in figure 4.7: transimpedance loops and active bias
circuit at the non inverting inputs have been simplified to enhance focus on the gate network.
C, and Ry are the low pass filter, Cy, is the dut’s gate-source capacitance. This circuit
effectively filter the noise of the dc generator starting from 16mHz due to Rp.s = 10MQ
and Clyer = 1, but has a major flaw: is formally the current-mode front-end showed in
figure 1.3 and are therefore valid all the considerations made in the relative chapter; the main
difference between the two circuits is the dut, which is a transistor and not a simple bipole.
In the equations 1.20 and 1.21 the impedance Zp (eq 1.22), and thus the dut’s resistance
Rp, plays a critical role in determining the amount of correlated and uncorrelated noise: it is
therefore essential to maximize the dut’s impedance from both the drain and source terminal.
In this circuit the two resistance are Rq = Rp gy seen from the drain and Ry = 1/gm seen
from the source. While Ry 4+ is the maximum obtainable from a single mosfet transistor, the
Rs = 1/gm is completely inadequate: it depend by the dut’s polarization and can reach a so low
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Figure 4.7: Current-sensitive front-end: wrong Vgs bias circuit

value that is makes a enormous quantity of correlated and uncorrelated noises. The solution
is shown in figure 4.8 Filter capacitor Cpye, is placed between gate and source, in parallel to
dut’s Cys This change completely the impedance seen from the source transimpedance, while
Rq = Ry gy remain unchanged.

This network split the dut impedance in two different component, one as dut impedance
between channels and another impedance only on source channel in parallel whit cp of figure
4.2

Since Cliprer > Cya, Zqut can be calculated in the following manner. At medium frequency,
from 16mHz up to te intervention of Cyq

R ilter SC % erR ilter
v, = Vit _SCsur B (4.5)
Rfilter—i— Scf];llter I+ SOfilteerilter
and therefore
. gm
tmos = V; -V, m:‘/m 4.6
( g)g 1+ SCfilteerilter ( )
from which it follows that
V;' 1 SC 2 erR ilter
Zmos = - = i filt i (47)

Ymos gm

The mosfet impedance have a zero at 1/2xCyerRparer and is valued 1/gm at lower frequencies.
At frequencies much greater than the zero the Cyy., capacitor can be considered complety
closed, so the circuit can be simplified, as shown in figure in fact the dut’s impedance between
channel can be seen as a sum of three contribute: mosfet, r0, Cyq
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There are also the two impedance between source and ground, drain and ground, made by

Rfilter and Ofilter and ng

The possible drawback of this solution is the injection, due to Cfiter Rfiter and Cgyq, of
correlated noise generated by the noisy gate bias generator and Ry, itself noise.

DUT SOURCE <> Ji

oy

x THS4021

b——{ > SOURCE OUTPUT

DUT DRAIN &>

oy

b2 THS4021

|¢

——{ " >DRAIN QUTPUT

Figure 4.8: Current-sensitive front-end: correct Vgs bias circuit
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Transconductance measure from gate input

This configuration is used to measure the dut’s transconductance obtained as

_ IDUT _ ‘/drain,output (4 8)
m ‘/; ga’m : ‘/gate |

where gain is the global instrument gain from dut’s drain current to the adc input. In this
configuration the Cjq. filter capacitor is detached from the source input and connected to
the signal generator: the circuit made by Cyqte and Ryqe act as a low-pass filter for gate
bias generator, to attenuate itself noise, and as a high-pass filter for the signal generator,
to eliminate its DC offset which would change the V4. bias. The circuit is the same of
the figure 4.7 so the impedance from source transimpedance input is low as 1/gm, causing
a lot of uncorrelated noise in source channel and correlated noise; these are problems for a
cross-correlation configuration but can be ignored for the g,, measure since the dut’s drain
current is generated by the gate input signal and therefore can be orders of magnitude larger
than that due to the operational amplifier input equivalent voltage noise source. In fact the
front-end work as a traditional single channel analyser, forcing the dut’s gate with an input
signal and measuring the drain output current; the output of the source channel is ignored
and its function is only to maintain the correct Vi, .. bias voltage.

Ccf 047
| L
1T
Rf 10k
VWA
DUT SOURCE <>
oyp>—e—— >SOURCE OUTPUT
2 THS4021
Rg L:
E T V Source
. Cg =
T VGate
Vin
cf  047p
= = I
I
Rf 10k
VWA
oUP>—e——{__ > DRAIN QUTPUT
£ THS4021
DUT DRAIN  <_>—— ==\ Drain

Figure 4.9: Current-sensitive front-end configured for DUT’s g,, measure by injecting input
signal at the gate terminal
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Transconductance measure from source input

This configuration is essentially identical to the previous, the only difference is the input
signal generator, which is injected in the dut’s source terminal instead of the gate, as showed
in paragraph 4.0.2 Thus the transconductance can be calculated as

I V’rainou U
gn = P = e (4.9
% galn"/source

where gain is the global gain from dut’s drain current to the adc input.
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Figure 4.10: Current-sensitive front-end configured for DUT’s gm measure by injecting input
signal at the source terminal

This mode of operation give the possibility to measure the transconductance g, also for bipole
or the channel resistance for mosfet devices in ohmic zone with low bias currents.
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In this configuration the front-end is basically in the cross-correlation configuration: the only
difference is the addition of the input signal injected in the dut’s source terminal as showed in
paragraph 4.0.2. As showed in 4.0.2, thanks to the use of the Cyq. capacitor placed between
gate and source, the impedance between source and drain have the shape showed in 4.0.2
Starting from the intervention of the Cyye and Ry network, the impedance is dominated
by the dut’s Ry, which can then be determined as

o =

DUT SOURCE <>

Cg

R —
g
=

V Gate

[DRAIN o Vdrain,output
V; gawn - Vsource
cf  047p
11
11
Rf 10k
—\NW—+

oy>>—e——- >SOURCE OUTPUT

b~ THS4021

T V Source

DUT DRAIN <>

ouP>—e—— >DRAIN OUTPUT

b~ THS4021

IQ-

V Drain

Figure 4.11: Current-sensitive front-end: configured for DUT’s Ry measure

(4.10)
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4.1 Physical design and layout

The front-end board is made on a standard two layer pcb, 1.6mm overall thickness, 35um
copper thickness. Signals are routed as much as possible only on top layer, minimizing vias
and track on the bottom, which is the ground plane reference. The populated board is visible
in figure 4.12; the connector to the mainboard is the black one on the right side. The dut
must be plugged into the 28 pin zif connector which provides, in addition to gate, drain and
source connection, a number of other useful signals: power supply, digital gpio, analog voltage
force / sensing and the mainboard signal generator. Is therefore possible to measure discrete
packaged devices by simple inserting the pins in to the zif contacts, or integrated devices by
bonding the die on a standard 28 pin dip chip carrier placed in the zif socket: in this case the
auxiliary signals are useful to power and control circuits placed on the same dut’s die or give
other required bias voltage, a typical example is biasing the chip substrate.

—

o

THS4021
FRONT-END

Rf=10kochm

Figure 4.12: Current-sensitive front-end: realized front-end board viewed from the top side



Chapter 5

Front-end for Magnetic Tunnel
Junction devices

Tunnel magnetoresistance (TMR) is a magnetoresistive effect that occurs in a magnetic tunnel
junction (MTJ), which is a component consisting of two ferromagnets separated by a thin
insulator. If the insulating layer is thin enough (typically a few nanometers), electrons can
tunnel from one ferromagnet into the other. The magnetic tunnel junctions (MTJ) are based
on the spin dependent tunneling effect; this causes M'TJs to have different electrical resistances
depending on the relative orientation of the magnetizations of the two electrode. Since this
process is forbidden in classical physics, the tunnel magnetoresistance is a strictly quantum
mechanical phenomenon.

Magnetic tunnel junctions are manufactured in thin film technology. On an industrial scale
the film deposition is done by magnetron sputter deposition; on a laboratory scale molecular
beam epitaxy, pulsed laser deposition and electron beam physical vapor deposition are also
utilized. The junctions are prepared by photolithography.

In addition to being ideally suited as non-volatile magnetic random access memory, magnetic
tunnel junctions MTJs are excellent magnetic field sensors. As such, they are used in read-
write heads in the magnetic storage industry and played a big role in the increase in storage
density of non volatile rams in the past few years. The purpose of this thesis work was to
measure the noise characteristic of MTJ devices specifically designed for real time detection
of magnetic beads with a double lock-in architecture.

5.1 Tunneling magnetoresistance theory

A magnetic tunnel junction (MTJ) consists of two layers of magnetic metal, such as cobalt-
iron, separated by an ultrathin layer of insulator, typically aluminium oxide with a thickness
of about 1 nm. The insulating layer is so thin that electrons can tunnel through the barrier
if a bias voltage is applied between the two metal electrodes. In MTJs the tunneling cur-
rent depends on the relative orientation of magnetizations of the two ferromagnetic layers,
which can be changed by an applied magnetic field. This phenomenon is called tunneling
magnetoresistance (TMR) which is a consequence of spin-dependent tunneling.

5.1.1 Tunnelling through a barrier

Tunneling is a purely quantum mechanical effect which refers to the penetration of a particle
through a classically excluded region. Considering a step potential barrier (Fig 5.1) written

47
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as equation 5.1

N
f eik,x T Tke_”"‘; 1
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- >

Figure 5.1: Tunneling through a barrier: reflected and transmitted wavefunctions

0, z <0
Viz)=< V, 0<z<a (5.1)
0, T>a

In classical mechanics, a particle incident upon the barrier will be reflected if its energy is
below the threshold (F < V') or will be transmitted if its energy is over the threshold (£ > V).
In a more rigorous way the particle have only probability of 1 or 0 to being transmitted or
reflected, depending on its energy. The quantum mechanics view is different: particles are
described by their waveform functions instead of a classic ballistic model. Therefore the
particle have a finite probability to pass through the barrier even if its energy is below the
threshold: this is the tunneling effect and its probability depends on the height and width of
the barrier. For a monodimensional barrier potential, as the one in the figure 5.1, the tunnel
probability can be derived analytically solving the time-independent Schroedinger equation
for the wavefunction in the three regions (x < 0,0 < z < a,z > a) and matching the boundary
contitions in x = 0 and = = a. In a real systems the potential barrier profile differs from an
ideal rectangular step. In these cases numerical approaches or approximations are used, like
the WKB approximation that lead to

T2 ~ exp {—% /0 [V (r) = E]dr} (5.2)

The WKB approximation can be applied to a Metal-Insulator-Metal structure, such as MTJ
devices. The two metal electrodes are described by their Fermi energy level and the insulator
act as the potential step barrier. Applying a voltage V' between the electrodes slightly changes
the barrier shape and splits the two Fermi levels of a quantity eV. This brings some empty
levels in correspondence with the filled ones on the other side of the barrier, allowing a net
tunneling current flowing from the negatively charged electrode to the positive one. The
net current j from electrode 1 to electrode 2 is the difference between the two independent
tunneling currents in the two directions:

J=J1s2 — Jas1 (5.3)
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Each one of the two contributions depends on the density of states in the two electrodes, their
occupancy described by the Fermi distribution and the tunneling probability.[11]

The distinctive feature of an MTJ device is that the two electrodes are ferromagnetic conduc-
tors where the spin-splitting of the bandstructure leads to separate spin-up and spin-down
density of states. An interpretation of this configuration is the Julliére model in which is
assumed that the electron spin is conserved in the tunneling process, creates two parallel
independent tunneling conduction channels by spin-up and spin-down (respect to the magne-
tization of the ferromagnet electrode) electrons. Therefore the equation 5.3 can be rewritten
as:

jTOT - []T—ﬂ - jg—ﬂ] + [j%—ﬂ - j%—>1:| (54)

The Julliére model simplifies considering the case of T'= 0°K. In this situation the densities
of states functions in the electrodes can be approximated as constant step with their values
replaced by those at the Fermi energy. This leads also to ignore the "reverse current” from
electrode 2 to electrode 1. Therefore the equation 5.4 can be simplified to

jror = |ilue + o] (5.5)

The tunneling coefficient in the equation 5.2 is assumed independent from electron spin. The
MTJ’s conductance can be calculated as follow

G o< [(prr - p2r) + (pry - p2y)] (5.6)

It is useful, for MTJ application purposes, to calculate the T'M R ratio, where Gp and G4p
are the conductances in the two extreme cases of parallel (P) and anti-parallel (AP) alignment
of the electrodes magnetization vectors:

TMR — Gp—Gar (5.7)
Gap

The two conductances can be derived from equation 5.6, where Ni, N2 are majority electrons
and nq,ny are minority electrons, respectively in electrode 1 and 2.

Gp x (N7 - No) + (nq - ng) (5.8)

Gap x (Ny-ng) + (ng - Ny) (5.9)

Introducing the effective spin-polarization factor P; which is a measure, ranging from 0 to 1,
of how much an electrodes is ”polarized”

Ni — N,
i = 5.10
The TMR ratio 5.7 can be rewritten as
— 2P, P.
rmp =GP Car 20D (5.11)

Giap  1-PP

The tunneling conductance and the magnetoresistance dependence on the bias voltage for a
typical MTJ structure are plotted in figure 5.2
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Figure 5.2: Bias dependence of the TMR ratio (a) and of the conductance for parallel (b) and
anti-parallel (c¢) configurations in a CoFeB/AlO, /CoFeB junction at 7' = 5°K and 7" = 300° K

It is possible to notice a significant decrease of the TMR ratio increasing the applied voltage:
A criterion of merit is often the voltage V1), at which the TMR becomes half of its maximum
value; furthermore, at low temperatures, for bias voltage tending to zero, the TMR drop
almost linearly, differing radically from the parabolic response predicted by theory. Julliére
model is widely used for describing spin-dependent tunneling systems, but fails in many
ferromagnet /insulator /ferromagnet junctions because some phenomena are not included in
the physical model of the device, particularly concerning the junction barrier interface and
insulator properties. However, for the design of a cross-correlation front-end, no further
detailed model are needed. The dependence on the temperature, visibile in figure 5.2 and
more detailed in figure 5.3 tends to decrease for all kinds of MTJs of about 25% from 4.2°K
to 300°K [11]
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Figure 5.3: (a) The quantity AG and TMR as a function of temperature. (b) Temperature
dependence of the P and AP conductance at a bias of 2mV. Same CoFeB/AlO,/CoFeB
junction as in figure 5.2

5.1.2 Sensor layout and characteristics

In figure 5.4 are showed the basic structure from which the sensor will be fabricated through
photolithography. The core TMR structure is made by the two CoFeB layer and MgO isolator.
The Ta/Ru/Ta buffer and Ta/Ru capping structures affect the crystallization of the CoFeB
MTJ junction layers. [11] The Ru/CoFe/IrMn is an exchange biased synthetic antiferromagnet
which act as a fixed magnetic reference for the bottom CoFeB pinned layer of the MTJ
junction; in contrast the top CoFeB layer magnetization is free to follow the external field
and is the "sensor element” of the device.
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Ta 20nm TMR element

SiO2

sinthetic
antiferromagnet

buffer
layers

antiferromagnet

-
-
-
-~
-
——
~——

Ta 5nm

Si0Oz 50nm

Si substrate
Figure 5.4: Transversal structure of a MTJ device

The overall sensor structure is made on a standard silicon substrate and is electrically isolated
from this one by a layer of silicon oxide.
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5.2 MTJ noise sources

Typical noises sources in MTJ devices are [13]

Thermal Electronic Noise

Shot Noise

Thermal Magnetic Noise

Electronic and magnetic ¥ Noise
e Random Telegraph Noise (RTN)

Thermal Electronic Noise pervasively appears in all types of conducting media due to the
random motions of charge carriers agitated by local temperature variations near Fermi level.
Such an electron migration phenomenon can be regarded as Brownian motion. In MTJs, this
thermally induced noise is approximately white noise, it appears almost at all frequencies and
is described by the well-know equation 5.12

Sipermelee — 4kpTR (5.12)

Shot Noise is associated with the discreteness of electrical charge caused by the stochas-
tic nature of the electron emission process. Since the emission events are uncorrelated, the
emission process of an individual electron from a cathode can be considered as Poisson distri-
bution. The corresponding fluctuations power density is described by the well know equation
5.13

Sshot = 2el (5.13)

While the shot noise is expected in tunneling systems, several research groups find shot
noise levels lower than the value calculated by equation 5.13 In MTJ devices the junction is
small enough for the electrons to become correlated in high biased level due to interaction
of Coulomb repulsion effect and Pauli exclusion principle that limit the density of electrons.
This lead to a sequential correlated tunneling of electrons through the barrier. Usually for
MTJ devices, the thermal electronic noise and the shot noise are expressed by the single
equation 5.14,

ETM—SNO ev
Sih hot = 2el R? coth (2k'BT) (5.14)

Thermal Magnetic Noise arise from magnetization fluctuations in MTJs, is frequency inde-
pendent and can be considered as white noise. There is also Magnetic % Noise component
originated by random fluctuations of magnetic domains which causes random fluctuations of
device resistance.

Electronic % Noise is virtually ubiquitous in all electronic devices; the sources of this kind
of noise is never completely identified and the describing formula is typically empirically de-
rived from experimental measure rather than from a single physical phenomena. For MTJ

can be described by
2
elect/f V
S, = aeleC_Afﬁ (5.15)
Where V' is the applied voltage and A is the junction area and «.. is the Hooge parameter.
The exponent 8 ranges between 0.6 <> 2.0 for MTJ devices.
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Random Telegraph Noise (RTN) is not always visible as is shadowed by 't noise at low
frequencies. The power spectrum of RTN is Lorentzian and it is given by

So
SRIN — 5.16
I 1 + (f/f0)2 ( )
where Sy is the frequency-independent value, fy is the characteristic roll-off frequency de-
scribed by fo = (27)~! and 7 is the relaxation time of Lorentzian fluctuations.

5.3 Design of the voltage-mode front-end

Since the target dut have maximum resistance of 1k{2, the front-end is based on a voltage-
mode topology, which is the ideal choice for low-impedance dut, as described before in section
1.5. The lock-in frequency, the final application for which these sensors are designed, is
typically of a few tens kHz [15]: consequently the front end was designed for at least 1MHz
bandwidth to go slightly over and have more complete noise characterization. The complete
front-end circuit is shown in figure 5.5

BIAS SOURGE < _>——0 ‘ A
BNC O—o/c ! R2
ou 1DUT
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T oon
B
Cfilter l
470u l
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| 50
§ Rbias Rac [>—e—AM—<> CHOOUT
10k 100k

OPAB37 Rout
1T + 50
p:L Rac ou —’\N\,—O CH1 OuUT
R dut Cdut 100k ;
R2

= 10k

R1
1k

Figure 5.5: Complete front-end circuit for MTJ noise measure

The two channels are made around a low noise fet input operational amplifier, OPA637, in
a simple non inverting configuration with a gain G = (1 + #2/r,) = 11 The main difference
between the ideal voltage-mode front-end shown in figure 1.4 and this circuit is the capacitive
coupling made by Rac&C'sc between the dut’s and the input of the amplifiers; its required by
the high dc bias voltage of some MTJ devices, above the input dynamic range of the OPA637,
limited between 4+2.0V and -3.5V. The choice of Cyc = 1uF and Rac = 100kS2 led to an
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high pass filter cut frequency of 1.6Hz. The drawback of this solution is the preesence of R ¢,
that has effect on both correlated and uncorrelated noise: it change the dut’s impedance from
5.17 to 5.18 and moreover add its own contribute to correlated and uncorrelated noises.

Rpur
7 = 5.17
PUT = 1+ S Rpur - (Cpur + Cp) ( )
2
ZDUT.Rpe = Rpur|[2Rac (5.18)

1+5- RDUTH2RAC : (CDUT + CP)

The resistor’s current noise 457 /g,. is in the same position of the opamp positive input equiv-
alent noise generator so it contribute in the same way, equations 1.32 and 1.33, to correlated
and uncorrelated noise.

The dut is biased by a variable voltage generator and a series resistor Rpyag; this one is
formally in the same position of Rpyr so, as the dut, change the Zpyr value and introduce
correlated noise that, as usual, affect the instrument sensibility. To monitor the dut’s bias
current a shunt resistor (Rgpun: << Rpias) 18 placed between the voltage generator and the bias
resistor. A classic three opamp instrumentation amplifier, INA114 by Texas Instruments, read
the voltage drop across the shunt resistor to obtain the Ipyr value. The capacitor Crirrer
and the resistor Rsgynr form a passive RC low-pass filter that attenuate the inevitable noise
coming from the dc bias generator.

The choice of Rpjag resistor is critical, since it influence both bias current and correlated
noise: higher values minimize the noise but decrease the maximum dc bias current. The
adopted solution was simply to not choose a fixed value, but left this resistor, and Rgpun:
too, interchangable depending on the dut specific needs. To increase Ipyr without decreasing
Rpras its possible to use an external voltage generator (BNC input in figure 5.5) instead
of the one provided by the pc control board, which can reach a maximum of +10V. This
is a simple solution but requires an external low noise voltage generator as well an external
precision amperometers, since the the INA114 can sustain up to 48V without damage but
works only up to its supply rails, which are £15V. However, both solution are present on the
front-end board to remove any restrictions and make the circuit suitable for any type of MTJ
devices.

5.4 Physical design and layout

The front-end board is made on a standard two layer pcb, 1.6mm overall thickness, 35um
copper thickness. Signals are routed as much as possible only on top layer, minimizing vias
and track on the bottom, which is the ground plane reference. The populated board is
visible in figure 5.7; the connector to the mainboard is the black one on the right side. The
magnetoresistor array is placed and bonded in a dip ceramic chip holder that must be placed
in a zif socket surrounded by two double row of contact. The connections to the front-end
amplifiers are maked by free detachable copper wires. Each one unselected device of the array
can be independently left open or tied to ground on both contact: this minor feature has
allowed to identify and model the parasitic interaction between the devices themeselfes and
chip substrate. Figure 5.6 shown a close-up view of the contact system.
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Figure 5.6: Close up of M'TJ chip carrier inserted in to the fron-end board
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Figure 5.7: Front-end board for MTJ noise measurement viewed from the top side
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5.5 Front-end validation

Before starting to work on MTJ devices, two simple test measure was made on standard
discrete resistors. In the fist one, shown in figure 5.8, the bias current was changed from
zero up to the maximum value: all three measure are in good aggreement whit the expected
value, exept above 1MHz, where growth come from the instrument itself. This phenomenon,
also evident in MTJ measures, has not been fully understood but depends strongly on the
impedance at the front-end inputs.
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Figure 5.8: Noise of 160¢2 resistor at three different bias voltage; high frequency measure
without low pass filter

The second test, reported in figure 5.9, was made whit low pass filter activated to verify the
results at low frequencies: its evident a strong interference at 50Hz, ans subsequent harmonics,
due to the power network. The instrument has proved to be very sensitive to these issues and
therefore care must be taken to avoid this unwanted signals: the red measure was acquired
with the instrument case fully closed and all possible source of interference, like notebooks
power switch, placed as far as possible from the instrument. Despite these precautions some
peaking are still present at 50Hz and 200Hz.
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Figure 5.9: Noise of 390 resistor with no bias and low pass filter activated; effect of external
electromagnetic noise sources
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5.6 MTJ characterization and noise measurement

To test the correlation spectrum analyzer a sample device consist of a single silicon die of
about 3mm x 7mm with eight identical and independent M'TJ are used. The structure scheme
are showed in figure 5.10 and figure 5.11 is a photograph of the array through a microscope.
These sensors can have various resistance, depending on the MgO oxide tickness: 10k (2nm),
1kQ (1.4nm), 100©2 (0.9nm).

B Electrode — larger area

- 100 nm SiO2

- Junction

Figure 5.10: Magnetic Tunnel Junctions, array of devices on single die

Figure 5.11: Magnetic Tunnel Junctions, array of devices on single die, photograph by optical
microscope
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5.6.1 Measures on 1k{2? MTJ devices

This sample chip was been already heavily used in a previous number of tests: only two
devices were found working, the other six have been found damaged with only 502 junction
resistance. This two working devices, renamed alpha = o and gamma = -y, were characterized
by a number of measure.

Figure 5.12 is the result of a dc voltage sweep between 1V with a 2mA current limit and
no external magnetic field applied, made to verify the functionality of the device and obtain
the MTJ’s resistance, simply calculated as the ratio R = V/I and reported in figure 5.13 fot
both devices.

2mA 2mA
im im
€ =
S oA g oA
E =
o 5
im im
2mA 2mA
-700mV -350m ov 350m 700mV -700mvV -350m ov 350m 700mV
Voltage Voltage

(a) MTJ alpha (b) MTJ gamma

Figure 5.12: 1k2 MTJ, I-V characteristics, 2mA current limit
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Figure 5.13: 1k M'TJ: constant voltage resistance

The first noise characterization where made on MTJ v biased at relativity high current, up
to 20014, much more than the bias current used in the MTJ applications [15]

Therefore the chosen resistor value were Rpras = 10k€), Rsgynt = 10082; the device resis-
tance at the different measurement current are listed in table 5.1 and the noise measures
are shown in figure 5.14. All the following measure have been made with the instrument in
the high frequency configuration (anti-aliasing filters disabled, sampling rate of 100MS/s) and
3.15s of correlation time.

At OpA of bias current the measured noise is in perfect agreement with the expected white
noise 4KTR of a 9150 resistor(dotted line); there is no presence of shot noise at all, even at
the higher bias current of 2004 A. For all bias current the total noise is entirely dominated by
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the 1/¢8 contribute, with a slope 5 = 0.84

Other measures are taken at bias currents of 10uA, 20pnA, 30uA, 40uA to extrapolate the
dependence of 1/ noise on the bias current: the result are show in figure 5.15 where the noise

are evaluated at 10kHz.

Voltage Noise Density (V*/Hz)

Figure 5.14: Voltage Noise Density of MTJ ~; dotted black line is the white thermal noise
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BIAS Current | Resistance
OpA 915%)
50uA 901¢2
100pA 86652
200pA 780¢2
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Table 5.1: MTJ ~, resistance at different measured bias current
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Figure 5.15: MTJ ~, noise sampled at 10kHz at different bias currents

To validate these measures previously shown an artificial DUT was constructed with the same
impedance characteristic of the device. A measure with an LCR meter showed a capacity of
around 60pF' in parallel with the MTJ device; consequently the artificial dut was made by the
parallel of 1€ resistor and 100pF' ceramic high speed capacitor. The resistor is slightly higher
and the capacitor slightly bigger than the real MTJ to have some degree of confidence. This
artificial DUT was biased with the same bias currents of the M'TJ to ensure that the measured
noises are really generated by the MTJ and does not come from unexpected instrument effect.
The measures on the artificial DUT are shown in figures 5.16 and 5.17; there is no 1/r evidence
of low frequency noise generated by the instrument’s front-end. The noise growth at high
frequencies (above 300kHz) come from the instrument itself. This phenomenon has not been
fully understood but depends strongly on the impedance at the front-end inputs.

After it has been verified the operation of the instrument and the validity of the noise mea-
sures, a second measurement set on both device alpha and gamma was made, to investigate
the noise behavior of the MTJ with lower and more realistic current ranging from 1uA to
10uA at 1A step, and from 10uA to 50uA at 5uA step. With this lower bias current the value
of Rpras and RsyyntT was increased to decrease the unwanted correlated noise from Rprag
itself and the noise from bias voltage generator. The new chosen values are Rgras = 47k}
and Rsyunt = 1k£2 At each current value two different measures where made, one at high
frequencies as the previous set at 50uA, 100pA, 200uA and another one at lower frequencies
with the low-pass filters enabled; they have been graphically overlapped between 1kHz and
5kHz to create a smooth conjunction between them. The results,only for selected bias current
values to keep the graph readable, are shown in figures 5.20 for the device alfa and 5.18 for
the device gamma. Figures 5.21 and 5.21 show the noise sampled at various frequency for
each bias current value.
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Figure 5.16: Measured noise of a 1k€) resistor with and without 100pF parallel capacitor;
dotted blue line is the expected white thermal noise
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Figure 5.17: Measured noise of the artificial DUT made by 1k€2 resistor and 100pF parallel
capacitor, at same bias currents of figure 5.14; dotted line is the expected white thermal noise
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Figure 5.18: MTJ ~, measured voltage noise density. Each curve is an union of a measure at
low frequency and another one at high frequency
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Figure 5.19: MTJ ~, voltage noise density sampled at various frequencies, against bias current
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Figure 5.20: MTJ «a, measured voltage noise density. Each curve is an union of a measure at
low frequency and another one at high frequency
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Figure 5.21: MTJ «, voltage noise density sampled at various frequencies, against bias current
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5.6.2 Measures on 10k MTJ devices

A set of measure was briefly made on MTJ sensor characterized by = 10k resistance. The
instrument were configured in the high frequency mode, thus the low pass filters at 10kHz
were deactivated. The noise measures are shown in figure 5.22 where the red solid line is the
thermal noise of a 11.5k() resistor that is the measured resistance of the device. Differently
from the 1k(2 devices there is an evidence of shot noise. In figure 5.23 are represented:

equation 5.14

(solid black line) measured noise sampled at 50Hz, as a function of bias current
(pink dotted line) measured noise sampled at 10kHz, as a function of bias current
(solid red line) value predicted by theory considering only shot and thermal noise, see

(solid blue line) value predicted by theory considering the shot noise, thermal noise and

the 1/f noise calculated by the Hooge relation, see equation 5.15

The measure at 10kHz is in good agreement with the model that consider only shot and
thermal noise, while the noise at 50Hz grow at a more than linear rate, predictable by an

Hooge empirical model.
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Figure 5.22: 10kQ2 MTJ device; measure noise spectral density
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Figure 5.23: 10kQ2 MTJ device noise against bias current
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5.6.3 Measures on 1002 MTJ devices
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Figure 5.24: R-H plot for a typical MTJ device: maximum sensibility (red line) correspond
to a non-zero applied magnetic field

The devices with resistance of 100€2 are made whit an MgO oxide thickness of only 0.9nm; to
avoid any damage the bias voltage across the dut was always kept below 20mV corresponding
to a maximum bias current of 200uA. Whit this low bias condition is hard to clearly identify
a shot noise, since it is always lower than the expected thermal noise of a 10052 resistor. This
devices was measured also whit applied magnetic field by the use of permanent magnets: the
importance of this measures is evident looking at the figure 5.24 where is reported a typical
R-H, resistance value as a function of applied external magnetic field, of an MTJ device: the
maximum sensor sensibility is obtained whit an applied external fixed value magnetic field
and therefore is important to evaluate the MTJ noise in this condition.
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Figure 5.25: 1002 MTJ device C2-1, measured noise whit and without applied magnetic field
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Figure 5.26: 1002 MTJ device C2-2, measured noise whit and without applied magnetic field
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Figure 5.27: 100€2 MTJ device C2-5, measured noise whit and without applied magnetic field

The results of three device of the same array are shown in figures 5.25, 5.26, 5.27; at each
current value two measures where made, one at high frequencies and another one at low
frequencies with low-pass filters enabled, they have been graphically overlapped to create
a smooth conjunction between them; coloured lines are whit magnetic field, dark and grey
without. The effect of applied magnetic field is a strong increase of 1/f noise that grows in
good agreement with the equation 5.15. In conclusion the maximum sensitivity zone, obtained
by an external magnetic bias field, unfortunately correspond to the maximum value of 1/f
noise of magnetic origin; these results are of primary importance for the design of a lock-in
amplifier based on these devices.



Chapter 6

Low-frequency noise in P3HT fibers
O-Fet

A lot of solid-state electronic applications have already been revolutionized due to the low-
cost, solution-based processing and flexibility of organic semiconductors; however many fun-
damental issues related to charge-carrier transport in conjugated materials are still not com-
pletely understood, especially in devices with strongly reduced dimensions. For instance, low-
frequency noise is inherently and ubiquitously present in electronics, but the way it changes
upon moving from bulk crystal conducting media to nanostructures is still poorly investigated.
In fact, such flicker (1/f) noise becomes more and more significant in devices approaching
nanoscale, thus being an important factor which limits their performance. Furthermore, be-
ing very sensitive to variations of ambient conditions and to external contaminations, it can
be also exploited as probe mechanism in sensing applications. For these reasons, studying the
behavior of flicker noise in nanostructures such as polymer nanofibers has both fundamental
and technological interest.

This chapter is focused on the use of the cross-correlation spectrum analyzer to investigate
the flicker noise in two different types of organic field-effect transistors (OFETSs) based on
P3HT: in one type the active material is organized as conductive polymer nanofibers, in
the other the P3HT is in the form of a thin film. The noise in the devices, working in
accumulation regime in air conditions, is well described by the Hooge empirical model, which
suggests a behavior dominated by mobility fluctuations. Importantly, the Hooge constant,
ay describing the current power spectral density of fluctuations, is suppressed by at least
one order of magnitude in the device based on nanofibers, with respect to thin film devices
fabricated using the same organic material.

Polymer nanofibers and other similar nanostructures generally exhibit a charge-carrier mobil-
ity significantly enhanced with respect to thin films made of the same material due to a more
ordered molecular arrangement. These nanostructures can be produced by a variety of meth-
ods including electrospinning and soft lithography, all of them leading to an improvement of
device behavior compared to OFETSs based on thin films.

67
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6.1 Structure of Ofet based on P3HT nanofibers

Polymer nanofibers for this study are realized by a solvent-assisted micromolding method.
Ofet devices are fabricated by a bottom-contact architecture, with a n-doped Si substrate as
common gate electrode, a 100 nm-thick thermally-grown SiO2 dielectric, and lithographically-
defined Cr/Au electrodes as source (S) and drain (D). The channel width (W) is varied
between 100 pm and about 3 mm, and the length (L) is varied between 6um and 25um.
Dimethyldichlorosilane (DMDS) is deposited prior to nanofibers, in order to improve the semi-
conductor/dielectrics interface. Quartz masters made by electron-beam lithography and reac-
tive ion etching are used for molding elastomeric replicas made of PDMS. Organic nanofibers
are then produced by depositing on the devices a 1uL droplet of a 0.2 mM dichlorobenzene
solution of regioregular P3HT, and positioning the PDMS molds on top, with features along
the D-S gap, until complete solvent evaporation. The resulting conductive fibers connect
source and drain, show a diameter around 300 nm and are arranged in an array with period
of 1 um. Figure 6.1 is an image by optical microscope showing the buried contact pads and
overlying fibers. For comparison, P3HT thin film OFETSs are realized by spin-coating (1000
rpm for 60 s) the same solution on the same SiO2 / electrodes structure. Also the active
medium in these devices has a thickness of 300 nm.

The field effect mobility, p, is determined by the device characteristics equation 6.1 where C is
the gate dielectric capacitance per unit area, L is the channel length and Z.; is the effective
channel width, which in nanofiber-OFET is given by the width of each single nanostructure
times the number of D-S connecting fiber. Devices based on nanofibers exhibit a quite stable
value of the mobility, u = 10~2em?V ~1s~! while thin film OFETs show instead a value which
is strongly variable in the range u = 2- 1073 <+ 107 [em?V ~1s~1] depending on the specific
device geometry and preparation conditions.

Ze
2£f C[L (VGS — VTH)2 (61)

Ips =

The source-drain current Ipg dependence on the source-drain voltage Vsp, reported in figure
6.2(a) and 6.2(b), highlights in all the devices the typical p-type behavior of P3HT-based
OFETs, working in accumulation mode. In nanofiber devices is observable a non complete
current saturation at high Vpg. Such effect is usually due to residual impurities from device
processing which lead to increased hole density in the transistor channel. Related to this,
Vry has positive values (9V and 4V for nanofiber and thin film OFET, respectively), which
also suggests the presence of intrinsic accumulated holes in the conduction channel. The
corresponding transfer characteristics, Ips (Vgs)) and |Ipg|/? (Vas) curves (for Vpg = —50V)
for nanofibers and thin film devices are shown in 6.2(a) and 6.2(b), respectively.
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Figure 6.1: Ofet based on P3HT nanofibers imaged by an optical microscope: buried electrode
contacts are clearly visible under the active nanofibers layer with scratches caused by contact

probe tips.
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Figure 6.2: Output characteristics of OFETs based on polymer nanofibers (a) and thin films
(b). Channel length L. = 12 pm for both structures. (c, d) Are the corresponding transfer
characteristics Ipg (Vgg) (left vertical scale) and |Ipg|'/? (Vgs) (right vertical scale) for a fixed
Vps = —50V Continuous lines are linear fits of data.
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6.2 Integrator-Differentiator cascade amplifier

The first choice to perform noise measurement on ofet devices is a current mode front-end
made by a transimpedance stage for each channel, as the one showed in figure 1.3. Is useful
to reassume here the structure of a simple single-channel transimpedance stage figure[6.3] to
point out its design constraints.

),
GDL| ——o8
Rf

| E ——{ >O0UTPUT
__ V Gate
__ V Source

|+

Figure 6.3: Single stage transimpedance amplifier

The transimpedance gain is a single pole low-pass function

Grr = lRf (6.2)
I = sormy

Input equivalent current noise is the sum of three different contribute from the opamp and

feedback resistor o

e2 — AKT

2 in—eq = 5 T2+ —5— 6.3
Zn,ln—eq R? + Zn + Rf ( )

And there is an upper limit for the feedback resistor’s value since it have to supply the dut’s
bias current.

Ipras - Ry < Vourmax (6.4)

The feedback resistor Ry is present in all three equations, therefore it choice is a trade-off
between noise, bandwidth and bias current constraints. The ideal amplifier for this configura-
tion would be a fet-input operational amplifier with very low current noise 42 ;,, ., = fA/ VHz
to reduce the overall uncorrelated noise and therefore the measurement time. Consequently
the feedback resistor value must be at least in the range of hundreds of M2 to keep its noise
contribute in the same range of that of the amplifier. Is at this point that emerges the band-
width problem of this configuration: even the smallest resistor, smd package 0402, have a
parallel parasitic capacitance of C), = 1pF’, almost entirely created by the package itself and
independent from the resistor value; this one act in fact as the C; capacitor in the circuit of
figure 6.3 and even for a relatively small Ry = 10002 it creates a pole of f, = 1.6kHz that
is too low to make good characterization of the ofet devices. To overcome this problem an
alternative amplifier topology is used, the integrator-differentiator cascade transimpedance
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Figure 6.4: Ideal integrator - differentiator cascade transimpedance amplifier

amplifier [18], whose basic structure is shown in figure6.4 It is made by an ideal integrator fol-
lowed by an ideal differentiator, able to create flat constant gain over frequencies without the
use of a feedback resistor connected at the input, therefore eliminates the trade-off between
noise and bandwidth. The output voltage can be calculated as follows

, 1
Vout = (_)Zm [m] : (_> [RderSCdeT] (65)
and the gain consequently is
Gain = Ryer - % (6.6)

The noise of the differentiator stage can be made negligible by considering that the contri-
bution of the resistance Ry, is reduced by the factor (Caer/c;,)?. The consequent possibility
to strongly reduce the R4, value has the positive effect of extending the bandwidth of the
overall transimpedance amplifier to almost the gain-bandwidth product of the used opamp.
This ideal circuit is the starting point for the design of the front-end specific for noise measure
of ofet devices.
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Figure 6.5: Complete structure of integrator-differentiator amplifier used in each channel of
the realized front-end



72 CHAPTER 6. LOW-FREQUENCY NOISE IN P3HT FIBERS O-FET

6.3 Design of the front-end for Ofet devices

The integrator stage is made around the OPA627, a fet-input internally compensated opera-
tional amplifier, with 16MHz of GBWP and 25/4/y&z of input equivalent current noise. To
avoid saturation of the integrator a path must be created for the input bias current at the
non-inverting input of the opamp used as integrator. There are various possibility to solve
this issue using another ideal integrator as additional feedback loop or active devices in sub-
threshold region [16][17]; considering the ofet’s measurements requirements the most simple
and effective solution is to add a resistor R;,; in parallel to the feedback capacitor Cj,; to
create what is commonly called a real integrator. The resulting pole at f, = W consti-
tutes the lower frequency limit for the overall transimpedance stage, so the R;,; value must
be high enough to meet this requirement and to not add significant noise at the integrator’s
input. The chosen R;,; = 50MQ and Cj,; = 5pF’ create a ideal gain pole at f, = 637mHz
adding only 0-5/4//&: of current noise at the input. The high bias voltages required by ofets,
up to 50V, prevents a direct connection between them and the amplifier input, and conse-
quently is not possible to bias it directly by applying the bias voltage at the non inverting
input of the integrator opamp. Therefore there is a network, consists of R,. = 20M ) and
Cue = 10nF, to ac-couple the device to the transimpedance input. The high voltage gener-
ator Vj;.s is schematically represented by a simple battery and it will be explained later in
detail. Additional resistor R,,;; improve the stability of the integrator by adding a zero in the
Goop Which is affected by the pole generated by the Cy., capacitor and the open loop output
resistance of the OPA627. All the poles and zeros of the Gy, are reported in table 6.1

Singularity Origin Value
fp, 1 CucR; 318uHz
fz,1 CiR; 637TmH z
72,2 CooRue 1.25H 2
fp,2 Ci Ry 1.6kH =
fp,out Coer(Rout1 + Ro) | 4.25M H z
fz,out Claer Rout1 15.9MH z

Table 6.1: Integrator Grpoop poles and zeros

The differentiator is made around the opa657 operational amplifier. The R, resistor con-
tributes also to the stability of the differentiator stage by adding a zero in its Groop. The
parasite capacitor of Ry, is represented by Cy = 1pF'. The resistor R, improve the sta-
bility of the differentiator acting in the same way of R, for the integrator stage; for the
differentiator the load capacitance comes from the mainboard’s input stage and interconnec-
tion connector between the two boards; it can be estimated of 15pF. Poles and zeros of the
differentiator’s G, are reported in table 6.2

Overall the circuit synthesizes a transimpedance gain from dut’s input current i, of

G = voutfi;,, = 10M 2 flat from 0.6Hz to 1.75MHz. The lower frequency limit is due to the ac
coupling created by R,., C,. while the upper frequency limit is due to the bandwidth limits
of the used operational amplifier. The complete amplifier of each acquisition channel is show
in figure 6.5.

The complete front-end circuit is shown in figure 6.6 where are evident the two transimpedance
channels based on the integrator-differentiator cascade and the high voltage coupling networks
made by the two C,. and R,.. The bias network is made by a high voltage generator, connected
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Singularity | Origin Value
fp, 1 Cdeerer 3, 18kH =
fpoa OPA657 | 300kHz
fZ, 1 CfRder 1.6MH=z
fz,2 CoerRoutn | 15.9MH z
fp,2 CtRoun 79GHz

Table 6.2: Differentiator Goop poles and zeros

by an auxiliary bnc connector to the mainboard, and the two R, resistor which act as current
limiters as well as ac coupling network. To reduce the noise from the voltage generator a low-
pass RC filter made by Ry.s and Ch;,s is placed after the generator. To measure the bias
current a shunt resistor is placed at the end of the bias network chain; it is read by a simple
voltage amplifier in non-inverting configuration. The gate bias comes from an RC network
that act as a low-pass filter for the DC voltage generator, preventing its noise from driving
the gate. Whit a relay is possible to disconnect Cyqe from ground and connect it to the
mainboard noise generator, therefore the Ry.:.Cyate network act as an high pass filter for the
input signal V;,, and low pass filter for GATE BIAS dc voltage: this makes possible to measure
the device’s transconductance g,, by calculating the ratio between the input signal at the gate
and the device current read by the two main amplifiers. Two additional 1k{) trimmers are
placed just after the external generators input to allow fine tuning or the use of a fixed less
noisy voltage generator, such a series of low voltage battery. Typically ofets exhibit a small
transconductance g¢,, and almost equal impedance from both source and drain terminals:
this common trait allows to avoid the use of a network to increase the input impedance
seen from the source as the one showed in section 4.0.3. All the passive in the overall bias
network are discrete trough-hole components which are not directly soldered to the pcb but
placed on sockets, to allow easy replacement, depending on the device characteristics and bias
requirements.
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Figure 6.6: Complete circuit of the front-end for OFet devices noise measure
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6.4 Ofet with P3HT active fibers above contact pads

The first batch of ofet samples available for measurement are based on P3HT fibers structure
placed above the conductive metal pads which act as drain and source contacts. The device
is shown in figure 6.7

Figure 6.7: Optical microscope photograph of the Ofet with P3HT active fibers above contact
pads

The first method to contact this two terminals was the use of a probe station with sharp
needles able to pierce the layer of active fibers and reach the buried metal pads. As expected
the main drawback of this solution is the high sensitivity to electromagnetic interferences.
Furthermore sometimes the electric contact was not stable enough to allow a complete mea-
surement set of around 90 seconds for each bias voltage. Later was decided to try to bond
the device on a standard semiconductor chip carrier and place this assembly inside the instru-
ment. This technique has proved very difficult due to the active organic P3HT layer placed
on top of the contact metallic pad: the bonding machine head must scratch this layer to being
able to join the wire to the contact pad. Often this operation create damages to the pad or to
the active layer between them, but a more delicate approach causes bad contact or no contact
at all. At the end about half of the attempts seems successful at a visual inspection.

In the following two paragraphs are reported the measures made on two different source-drain
couples, the 4AB contacted by the probe station and 1EF by the bonding wires. Various set
of measures are taken, maintaining a fixed nominal gate bias voltage and changing the dut’s
current acting on the external generator of figure 6.6

All measure are taken with the instrument’s internal LPF stages activated. At the end of
the measurement session was observed a leakage gate current, with values up to 100nA. Since
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the gate is biased by a RC network, this implies a unknown change, up to some volts, in the
effective bias voltage at the dut’s gate. Since this effect was observed only at the end of the
session, all the following measures reports only the nominal gate bias voltage.

Measure with probe station (device 4AB)

Gate nominal bias voltage: 0V

102+ — 30nA Vb=-5V
— 62nA Vb=-13V
] — 120nA Vb=-28V
102 % -160nA Vb=-55V

\ o -205nA Vb=-55V
“\,\ - Mm —— -208nA Vb=-40V

Current noise [A*/Hz]
9
£

AL

10Hz o ””1.0.OH2 o ll”1ll'(Hz . 1O|-I<Hz
Frequency

Figure 6.8: Ofet device contacted with the probe station at Vi = 0V: measured channel noise
current

~Y

The device show only /e noise, with @ = 1.1. As the frequency increases the measures
converge to a limit value determined by the experimental setup. There are numerous peaked
interferences caused by the long probe cables which act as an antenna, expecially evident at
low bias current. The device shows a high drift of the bias current (the blue and cyan lines are
separated by ten minutes of time delay with the same bias condition applied) and a noticeable
hysteresis (the pink and cyan lines show about the same current and noise spectra, despite
the 15V change in applied bias voltage); this hysteresis effect is evident in figure 6.9 where
the measured source current is plotted against the source-drain bias voltage.
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Figure 6.9: Ofet device contacted with the probe station at Vi; = 0V: measured source current
against source-drain bias voltage

Figure 6.10 represent the noise sampled at a fixed frequency (90Hz): there is a cubic depen-
dence on the applied bias current.

107 5 .
i Noise @ 90Hz P
— ) |
< 10 -
2
o
=z |
= 10% —
o L 3
5 .~ prop. tol
@) K
107 -
10 100
ID [NA]

Figure 6.10: Ofet device contacted with the probe station at Vi = 0V: noise evaluated at
90Hz (black dots) and the interpolation line (red dots)
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Gate nominal bias voltage: -25V

To emphasize hysteresis effect the measures at -25V was splitted in two different set: the
first one increasing the bias voltage from 0V to -50V, then the second one returning to zero;
the hysteresis is evident in figure 6.13 where the measured bias current is plotted against the
applied bias voltage. The two red arrows highlight the increase and decrease of applied bias
voltage. Due to the high (up to 100nA) gate leakage current, divided in two components gate-
drain and gate-source, the effective source-drain bias voltage becomes apparently negative.
Since the dut’s current was measured at the source terminal is not possible to determine the
exact drain current; one possible explanation of the effect is that the effective true device’s
drain current is a sum of the measured source current and the gate-drain leakage current
estimated of around 40nA at Vb=0V; consequently the actual drain bias voltage is lower
than predicted due to the voltage drop on R, ac coupling resistor of scheme 6.6. This
additional voltage drop consequently increases with increasing applied bias voltage Vb.

The acquired noise spectra are shown respectively in figures 6.11 and 6.12; figure 6.14 represent
the noise current sampled at the fixed frequency of 90Hz where is evident a cubic dependence
on the applied current bias level. In these three graphs is evident that the two measures at
Vb =0V and Vb = —0.8V are completely unreliable, due to unexplained contact instability
at low bias currents.

—— -37nA Vb=0V
—— -40nA Vb=-0.8V
—— -66nA Vb=-5V
—-100nA Vb=-10V

"~ -148nA Vb=-20V
T —— -193nA Vb=-30V
o -238nA Vb=-40V
< —— .271nA Vb=-50V
()

)

[e)

c

e -

-

[0

=

35

@)

10’29 ¥ M L L L M v ""'='| ¥ M AL |
10Hz 100Hz 1kHz 10kHz
Frequency

Figure 6.11: Ofet device contacted with the probe station at Vi = —25V: measured channel
noise current for increasing bias voltage from 0V to -50V
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-36nA Vb=0V
-40nA Vb=-0.8V
-58nA Vb=-3.3V
-70nA Vb=-5V
-106nA Vb=-10V
-171nA Vb=-20V
-228nA Vb=-30V
-266nA Vb=-40V
-271nA Vb=-50
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T f w
‘¢ 107 " :
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_% 10 4 S
8 3
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Figure 6.12: Ofet device contacted with the probe station at Vi = —25V: measured channel
noise current for decreasing bias voltage from -50V to 0V
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Figure 6.13: Ofet device contacted with the probe station at Vi = —25V: measured source

current against source-drain bias voltage
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Figure 6.14: Ofet device contacted with the probe station at Vg = —25V: noise evaluated at
90Hz (black dots) and the interpolation line (red dots)
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Measure with bonding wires (device 1EF)

Gate nominal bias voltage: 0V

To emphasize hysteresis effect the measures, as a result of the experience gained in the previous
case, the measures was splitted in two different set: the first one increasing the bias voltage
from OV to -50V collected in figure 6.8, and then the second set of measure in figure 6.16 with
bias voltage decreasing from -50V back to zero. The device contacted with bonding wires
seems much more stable and reliable; specifically the noise measure at Ip;,; = OnA is in good
agreement with the theoretical value of 107284%/u: expected from a pure resistive 150M ()
conductive channel, although the slight increase starting at 1kHz can not be easily explained.
In the two measures at [j,,s = OnA and I,,s = 10nA there are still some electromagnetic
interferences, for example it is clearly recognizable the 50Hz peak from the power network.

— UP Vb=-0V |=-0nA

1 0720_! — UP Vb=-2.2V [=-10nA
. é‘“_‘\u‘ —— UP Vb=-4.7V |=-20nA

10

s —— UP Vb=-10V |=-41.8nA
1024 \'\"'\-\«__‘H UP Vb=-20V |=-81nA

1 M —— UP Vb=-30V I=-117nA
1074 UP Vb=-40V I=-158nA
107 ] L ™ |——UPVb=150V I=-130nA

e
LI E— S ———
10% -

Current noise [A*/Hz]

i [ SN
10-272\\""'\‘{1\:%‘ -
102 - —
O L
oz | toomz | ikez | 1oz

Frequency

Figure 6.15: Ofet device contacted with bonding wires at Vi; = 0V: measured channel noise
current for increasing bias voltage from 0V to -50V
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—— DOWN Vb=-0V |=0nA

102 4 —— DOWN Vb=-2.2V |=-10nA
—— DOWN Vb=-4.7V |=-21nA
107! 4—= —— DOWN Vb=-10V I=-44nA
‘N 402 H\“‘\«V_ DOWN Vb=-20V I=-88nA
T 1 ""\H‘ —— DOWN Vb=-30V I=-131nA
o 1074 =~ DOWN Vb=-40V I=-171nA
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Figure 6.16: Ofet device contacted with bonding wires at Vi; = 0V: measured channel noise
current for decreasing bias voltage from -50V to OV
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Figure 6.17: Current Noise density of a 100M(2 resistor: measured and theoretical value

The hysteresis is evident in figure 6.18 where the measured bias current is plotted against
the applied bias voltage. This device has a very linear Iy;,s — Viies characteristic with small
modulation effect of the conductive channel and small hysteresis; in fact it behaves like a
simple resistor of Ry, = 220M ().
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Figure 6.18: Ofet device contacted with the bonding wires: measured bias current is plotted
against the applied bias voltage

SD[

Figure 6.19 represent the noise current sampled at two fixed frequency of 90Hz and 3kHz.
Noise grows very steeply with increasing current, and does not follow a precise simple law.
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Figure 6.19: Ofet device contacted with the bonding wires at Vi = 0V: measured source
current against source-drain bias voltage
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6.5 Ofet with P3HT active fibers and free contact pads

The results of the first measurements have shown that the main problem were the pads covered
by the active fibers layer: this prevents good contacts of bonding wires especially at low bias
currents and the probe station has proved unreliable due to high level of electromagnetic
interferences. To overcome these problems a new type of devices have been manufactured
whit the contact pads free from the active fibers layer. This solution has shown clearly better
performance: contacts with bonding wires seems very stable and no relevant leakage currents
are observed; consequently the noise is detectable in a wider range of frequencies and all
anomalous measurements have disappeared. A large number of different devices with different
channel length, ranging from 6um to 12pum, have been measured. The following figures are
relative to a device with 12um channel length, measured at V,; = 0V and V,, = 40V; the
noise spectra were measured at different drain current by changing the drain-source voltage
Vpbs applied to the transistor ranging from 0V to -15V. At the equilibrium condition (Ipg = 0)
the measured noise is in agreement with the calculated thermal noise produced by the drain-
source channel resistance. As the drain-source current Ipg is increased the spectra show an
excess noise that follows a 1/f frequency dependence.

In the acquired spectra, figures 6.20 and 6.21, the hatched area at high frequency highlights
where the instrument’s correlated noise is predominant and therefore the graph is not related
to the true noise current of the device.

— 12.3UA
11— 11.9uA
'ﬁ‘ —6.2uA
— 3.1UA
NE — 1.5uA
—— 740nA
S. —— 364nA
o 180nA
» —— 89nA
Q ——44nA
— —22nA
(IC) Y — 11nA
-25 77 ////.-,3 ——O0nA
O 0%} MWH TR LS | f’f//
10 100 1k 10k 100k

Frequency [Hz]

Figure 6.20: Current noise spectral density measured in a fiber FET with a channel length

of 6um. Gate-source voltage is fixed at OV and the drain-source voltage is ranged from 0V to
-15V.
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Figure 6.21: Current noise spectral density measured in a fiber FET with a channel length of
6pm. Gate-source voltage is fixed at 40V and the drain-source voltage is ranged from 0V to

-15V.
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Figure 6.23: Device output characteristic obtained by a Keithley Semiconductor parameter
Analyzer in comparison to the same measure obtained by the spectrum analyser during current
noise measures

Overall more than 10 nanofiber-OFETSs have been measured with this methodology: all of
them showed an exponent 3 of 1/f® between 1 and 1.1 For comparison the identical set of
measurement was performed on a number of thin-film devices; figure 6.24 shown the results
for one of this devices: the two graphs above are the acquired noise spectra, while the two
below correspond to the acquired noise at 1kHz.

According to the empirical Hooge formula the 1/f noise of homogeneous samples can be
expressed as

(0524 2
Sp=——-1 6.7
= (6.7)
where N is the total number of free charge carriers in the sample, I the bias current and oy is
the Hooge’s parameter. For transistors operating in linear regime this equation can be rewrite
using quantities readily measurable as

epay

SI:LQ-f

Vs - Ips (6.8)

where e indicates the electronic charge. Figure 6.25 reports the nanofibers-ofet measured
noise level at 1kHz normalized for the device length as a function of the power Vpg - Ipg.
The curves have a slope ranging from 0.87 to 1 for more than five decades in good agreement
with the Hooge formula, indicating that the flicker noise is associated to mobility fluctua-
tions. The slope lower than the ideal value of 1 is attributed to mobility dependence on the
applied voltage. The value of the Hooge constant for the nanofibers devices extracted by the
measurements using equation 6.8 is ay = 1.5 + 1.27. It is comparable to values found in
other nanoelectronic systems such as single-layer MoS2 [22] or single carbon nanotube [23]
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Figure 6.24: Noise measure of thin-film Ofet: graph in the lower right corner is the normalized
noise level at 1kHz.

transistors. With the same method the value of the Hooge constant for thin-film P3HT Ofet
is ay = 70 £ 65. The differences between nanofibers and thin-film devices are largely due to
the different mobility, as indicated in section 6.1: higher and stable for nanofibers, lower and
variable for thin-film devices. Figure 6.26 is a summary of the calculated Hooge constant, for
fibers and film devices: a difference between nanofibers and thin-film device is evident, even
considering all possible uncertainties in the mobility and noise measures.
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Figure 6.25: Normalized noise level at 1kHz for a set of nanofibers Ofet devices with different
channel lengths. The dashed line indicates the slope of V- I; predicted by the Hooge formula
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Figure 6.26: Calculated Hooge constant ay for Ofet devices based on nanometric fibers and
thin-film active layer



Conclusioni

L’analizzatore di spettro a cross-correlazione realizzato durante questo lavoro di tesi si e rive-
lato idoneo alla misura di dispositivi con caratteristiche molto differenti tra loro: la modularita
del sistema ha permesso infatti di adattarsi alle differenti esigenze tramite il solo interscambio
degli stadi di ingresso specifici per ogni tipo di dispositivo. L’elevata versatilita dell’hardware
e del software di controllo ha migliorato e semplificato la realizzazione delle misure rispetto
alle vecchie versioni dello strumento. Le misure effettuate sui dispositivi Ofet e MTJ hanno
fornito utili indicazioni per meglio interpretarne la fisica e permettere ai rispettivi gruppi di
ricerca di migliorarne le caratteristiche.

I risultati ottenuti permettono gia di identificare gli aspetti migliorabili su cui concentrarsi
negli sviluppi futuri: questi risiedono soprattutto nel continuo lavoro si sviluppo del pro-
gramma di controllo sia dal punto di vista dell’interfaccia grafica che della flessibilita d’uso
generale; in particolare si e sentita la mancanza della possibilita di effettuare un set di misure
in maniera completamente automatizzata con il solo intervento iniziale di set-up da parte
dell'utente.
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Conclusions

The cross-correlation spectrum analyser realized during this thesis work has proven able to
measure the noise of different devices whit different characteristics: the modularity design of
the instrument has allowed to adapt to different need by changing only the front-end board,
specific for each device type. The high versatility of hardware and software has improved and
simplified the measures compared to older versions of the instrument. The noise measures
taken on Ofet and MTJ devices have provided useful information to better understand their
physics and have allowed the respective research groups to improve their characteristics.

The obtained results allow to identify improvable aspects to focus on in future developments:
especially a lot work can be done on the control software to improve its user interface and
features; in particular it was felt the lack an automatic mode, capable to perform a set of
measures at different bias points in a completely automated manner, whit user intervention
only at the initial set-up.
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