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Abstract—In the study of LF noise in MOSFETS, it has number fluctuationsA N-model). In homogenous semi-
become clear that Random Telegraph Signals (RTS) are conductor samples, 1/f noise caused by mobility fluctua-
dominant. When a MOSFET s subjected to large-signal ions (Az) has been observed [5]. It can be shown that
excitation, the RTS noise is influenced. In this paper, we ¢ o MOSFET is 'small enough’; i.e. the number of free
present different visualizations of the transient behaviour of . . . . . .
the RTS. carriers is low enough, its LF noise will be dominated by

: trapping-detrapping (RTS) nois&(V model) rather than
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Signal Excitation, LF Noise. mgblllty-based 1/f noiseA model). [6]. Modern sub- .
micron MOSFETSs clearly fall into this category, and their

LF noise is dominated by RTS [7]. The classical deriva-

tion that trapping-detrapping can lead to a 1/f spectrum

Increasing integration of analog functionality with digi-was given by McWorther in 1957 [8], though it was later
tal processing power fuels the desire to realize analog chown by several authors that the conditions for the emer-
cuitry in CMOS. This has led to a multitude of interestgence of a 1/f spectrum as given by McWorther are more
ing analog challenges and solutions. Complication com&§Vvere than necessary [9].
from the supply voltage that drops in each next process The study and modelling of LF noise in MOSFETSs is
generation, making the available signal swing smaller aldmmonly done by measurement, where a device is bi-
smaller. At the other end of the magnitude spectrum, L&sed at a certain point in its operating range, and the LF
noise limits the available dynamic range. noise PSD measured. This is done for several operating

MOSFETSs are notorious for their LF noise. LF Noise irpoints, and careful parameter extraction has led to quite
MOSFETSs is often roughly characterized by a 1/f cornefetailed bias-dependent noise models for MOSFETSs [10].
frequencyf,, below which the LF noise PSD of the de-However, all such measurements are carried out in steady
vice rises with approximately 1/f. It can be shown [1] thastate. Circuit simulators, on which analog designers de-
the 1/f noise corner frequency of MOSFETSs scales withend for optimal circuit design, follow this approach and
the transit frequency; of the device, so that as MOSFETsmodel the LF noise voltage as a function of the bias volt-
become faster, they also become noisier. In MOSFETs age. However, even the best circuit simulators [11] still
modern submicron CMOS processes, fhean be as high always model the LF noise as an instantaneous function
as several tens of MHz, which means that anything belo®f the bias voltage. This is unfortunately too simplistic an
that has to be considered ’low frequency’ as far as noig@proach.
performance is concerned. LF noise, however, is not only In real circuits, signal swings are not 'small’ in compar-
a problem for LF circuit design, but also for RF applicaison to the bias voltage. Small signal analysis breaks down
tions. For example, in VCO's, LF device noise is upconi these cases, and small signal noise analysis (even with
verted to reappear as close-in phase noise of the oscillatatime-variant operating point as in a PSS or a Pnoise sim-
The phase noise of RF DLL's and PLL's is also criticallyulation) will not give correct results. The reason for this
limited by LF noise of the active devices. is that the LF noise of a MOSFET is not only a function

1/f Noise is found in all sorts of physical systems [2]of the current bias of the device, but also of the bias his-
This has led to a lot of speculation on the physical oritory of the device [12], [13]. What this means is that if the
gins of 1/f noise and the idea that there might be a confrequency of excitation is larger than the frequency of the
mon physical thermodynamic [3] or quantummechanicalF noise, the quasi-static approach to LF noise (as used by
[4] origin for all the 1/f noise we observe. In MOSFETs simulators) is not valid.
one of the best characterized 1/f noise sources available toThe unsatisfactory situation with respect to simulation
day, the search for the origins of the noise has led to twmssibilities, coupled with the dominant RTS noise in
likely candidates: mobility fluctuationsNu-model) and small MOSFETs and the large-signal conditions encoun-

I. INTRODUCTION

610



Vp=3.3V Vo =2V

0057 ‘ F'ngh’ - ‘ ‘ ‘ ‘ ‘ U U (TSR
DUT
of 1 5
é VG'§_| SWA'
5 -0.05F b ] SwWB
—01l 'Zow’ sta:e | : - ;
. L L L . L L L x : difference »
L S IR SO -
Fig. 1. A Random Telegraph Signal. Vogy
Fig. 3. Measurement Setup.
10"
10° | 0.2 ~
N AR e
=3 = e W‘&} i .M_: : sw % il ;M ‘
o) o 0dwan ! thi ﬁ* il
@ T Ll lk ! Mﬂv A \\,‘ ‘Mml\
il 2 01, MW " W WW\W N
102 ‘ ‘ I fO,RTé 0 ‘ B

1 2 3 4

10 10 Frequency [Hz] 10 10

300
Fig. 2. PSD of a Random Telegraph Signal.

Time [s] Trial #
tered in many circuits mean that it is very relevant to re- Fig. 4. Time domain view of RTS.
search this combination of topics further. This is what we
do in this paper. [1l. M EASUREMENT METHOD

To study RTS noise under transient conditions in the
[I. TIME-DOMAIN ANALYSIS time domain, we make use of the measurement setup of
fig. 3. The device in question can be either subjected to
A Random Telegraph signal is a time-continuousa constant bias or time-variant bias. For the constant bias
amplitude-discrete signal that is characterized by three pareasurement, the preamps and switches are operated in
rameters: the mean low time, the mean high time and thgecisely the same way as for the transient measurement;
amplitude (fig. 1). The autocorrelation function of suclynly the device is constantly kept in a particular bias state.
a signal was derived by Machlup in 1954 [14]. Using therhe *front end’ of the measurement setup is completely
autocorrelation function the power spectral density of th@ifferential. In this way, a differential preamp can be used
signal may be calculated. This is a Lorentzian (fig. 2): flab suppress the large common mode signal that accompa-
at low frequencies, and decaying witf20dB/dec above njes the bias transients applied to the DUTs, and the dy-
some corner frequenc, rrs. Though the frequency and namic range requirement of the oscilloscope is reduced.
time domain description are fundamentally equivalent, the Measurements are carried out on several devices with a
time-domain description is more complete, as witnesse&g/L of between 0.5/0.3%m and 1.25/0.57%m from an
by the fact that there are three parameters in the time d@dustrial 0.35:m processt,, is 7.5 nm.1, is 20uA per
main, and only two in the frequency domain. device. The devices are cycled on and off with a frequency
Though the study of LF noise under transient conditionaf 100 Hz; the duty cycle is 50%. After a turn-on transient,
can be carried out in the frequency domain [15], [16], ththe first Sus of noise are measured. 1 second later, this
fact that we are dealing with RTS noise in this case meansasurement is repeated. In this way, 500 trials of the
that a time-domain analysis is more appropriate since éxperiment are performed.
gives us all the information we want in a raw form, without A sample result is shown in fig. 4. Time, from O to
any post-processing. This also facilitates modelling efforus is along the x-axis, and the trial # is along the y-axis.
[17]. The measured noise voltage is the z-value of this plot. To
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¢ P Fig. 6. Calculating average and variance from time-domain
data.
make sure we don’t miss any interesting transient effects,

we start eagh plot briefly (0u5) before the moment We atrer turning the device on (lower figure).
turn the device on, so that the complete turn-on transientis, .. .
. o n fig. 8, measurement results for the same device as
visible. This is the case for the steady state measuremen : :
) ig. 4 and 5 are given. In the steady state, (upper figure),
but also for the transient measurement.

. . . the RTS is mostly in the ’low’ state with occasional brief
The trial# (y) axis in these plots can be interpreted as a . . N
, L ; . ._—excursions into the ’high’ state. The RTS decays back to
slow’ time axis; the scale is not exactly known due to lim-, L
itations in the experimental setup, but is of the order of 50%1e ground state after a brief time of the order ofid

X . Immediately after turn-on (lower figure), the RTS in this

seconds total. In this way, a clear distinction can be madg . . N L
e . , , evice starts in the ’'high’ state, after which it can be seen
between 'fast’ effects (along the x-axis) and 'slow effect?8 decay back into the "low’ state after a fg1g

(along the y-axis). The noise voltage is color-coded, an For th me device. we have plotted the varian nd
this raises the possibility of viewing the 3-d plot from or Ine same device, we have piotied the varlance a
average of the noise immediately after turn-on in fig. 9.

above. This is done in fig. 5. The turn-on transient is noqzh ver val f the noise volt h low tail after
visible to the left of the plot, and again, fast effects are € average value ottne noise vollage has a siow tall afte

i, . -furn-on, of the order of Zus. The variance of the noise
visible along the x-axis, and slow effects along the y-axis.” N to have a maximum iust after turn-on: this i
Both views are useful in the interpretation of the results. S aiS0 see .O ave a maximum Just atter tu A 0 ! ,S S
. . the average time before the RTS decays back into its 'low
We can also post-process the time-domain data further.
The most obvious thing to do is to examine the averagsea e% her kind of i i behavi )
noise voltage at each time instant following the turn-on In |g.d10, ﬁet anot_ erh n odlnterestmg N ?wour 'Sh
transient, and the variance of the noise voltage at each tir%ser_ve ' WI e_reas |r’1ht. i’stea y stz;te (u.prf)er |gu_re), T €
instant. This is illustrated in fig. 6. RTS]; IS mogty n the h lg,’l s’tate (rebl), Wlth ogcz;spna
In some circuits, e.g. sampling circuits, an obvious agp—”e excursions into the ‘low” state (blue), the behaviour

proach is to keep the device 'off’ until briefly before theOf th'? dEV'Ce |mrr_1ed|a:]ely af:)er_ turrll-ohn (Iowsr figure) is
device is required to be active. If the variance of the noisee?(_"’“:tyt € opposite. There o viously has to )€ Some tran-
at the time that the device is used (eg. to take a samp%S'on between the two, but this is not visible in the figure

is lower than in steady state, then turning the device ,Oﬂdue to the limited observation time of & for each trial.

when it is not required is a beneficial technique with rel IS IS clearly a case where there are two different RTS
spect to the noise performance present in the device, one fast one (visible in both the up-
per and lower figure) and a slow one responsible for the

IV. MEASUREMENT RESULTS difference between the upper and lower figure.

Measurements were carried out on 30 devices. We will
discuss some of the most interesting observations below.
The resultin fig. 7 shows that a slow RTS (time constant Though obviously very useful for insight into the be-
of the order of several tens of seconds) that is present in thaviour of RTS noise, there are some limitations that have

steady state case (upper figure) is completely absent justbe considered. First of all, it is not difficult to de-

V. DISCUSSION

612



040322_29

040603_07

Amplitude [V]

; ] ‘VT Wik
ol M : ‘l‘l’ﬂ"‘nﬁw m‘ i
y 1\%1\1%” 1 ‘Wv‘i‘:‘ﬁf ‘

!

-01

Amplitude [V]

0 .
Time [s] Trial # ~a 400 500
5 100 200

0 .
040322_30 Time [s] Trial #

040603_08

Amplitude [V]

-01

Amplitude [V]

Time [s] Trial #

x10 5 5 100 200
Time [s] Trial #
Fig. 7. Large-amplitude, slow RTS (upper figure) is not presel
immediately after turn-on (lower figure).
Fig. 8. RTS is seen to decay back to 'low’ state briefly after
turn-on (lower figure). Steady state behaviour of same device
duce that when observing an RTS in a single n-channglpper figure).
device, the high-current state corresponds to the unfilled
(detrapped) state of the trap, and that the low-current state
corresponds to the filled (trapped) state of the trap. This
is interesting information in the study of traps, however
unfortunately, in the present measurement setup, this i 01 ‘ ‘ ‘ ‘ ‘ T— ‘Steady‘State
formation is lost because the measurement setup is diffts 005 [ Transient ||
ential. We may observe an RTS, but we cannot be su &
whether it is in the one or the other device. Single endeg 005}
measurements do not have this problem but are much me '
sensitive to noise and crosstalk from the various parts %Y1 15 2 25 3 35 4 a5 s
the setup. Another possibility to overcome this limitatior x10° Time [s] x10°°
while retaining the benefits of a differential measuremel ‘ ‘ ‘
setup is to slightly vary the gate bias around the bias poi
of interest. By observation in which direction the trap re
acts to the varying gate voltage, conclusions about what
the the trapped and the detrapped state of the trap may I S _
drawn. [18] 95 1 15 2 25 3 35 4 a5
Secondly, we have presented a somewhat rosy picture .. Time [s] x 10
reality by presenting only the most interesting behaviour @fig 9. average and variance of noise voltage for the device of
the 30 devices measured. In fact, many devices show fg s.
significant LF noise change in reaction to transient condi-
tions at all. Moreover, as we are unable to qualify what

O*vv ]

IN
T

Variance [V2]

N
T
L

613



significant numbers of devices are we able to state with
any degree of certainty what sort of behaviour the designer
may expect from the MOSFET under steady state and un-
der transient conditions, leading to more optimal analog
CMOS designs.
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