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Question n. 1

Draw a detailed cross section of a 4-T pixel, and the associated electronic circuit. Carefully describe the
operating phases of the circuit, assisting your discussion with waveforms graphs. Finally, comment on
advantages and drawbacks over the 3-T architecture.
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A pinned photodiode consists in a N-type
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implant. As is, the buried N-type region (PPD) (j: (j: (j: —I—
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appears to have no electrical (ohmic)

contact. In order to access it, it is thus
necessary to create a conductive channel
between the pinned photodiode implant and
a floating diffusion N-type shallow region,
which is then accessed through an ohmic
contact. The channel can be activated or not,
depending on the bias applied to the
transmission gate (TG), like in a transistor.

In other words, the buried region can be
connected to the floating diffusion (transmission gate voltage high) or can be kept isolated (transmission gate
voltage low). Additional lateral p-type wells prevent cross talk between pixels. The floating diffusion is then
connected to the equivalent of a 3-transistor architecture, i.e. to the gate of a source follower (T2). This gate
can be initialized to the supply voltage through a reset transistor (T1), and the source follower itself can be
switched on (i.e. connected to a column current source) through a selection transistor T3.

This specific structure enables photocharge isolation along two y Y
spatial directions: ol

- assuming that the PPD region has been reset to the highest
voltage and then left disconnected, generated
photoelectrons will be collected within its potential well as
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- at the same time, lateral p-type regions will prevent
photoelectrons flowing outside the region, letting the

o

generated charge be confined within the PPD (see the cross- sty
section A-A’ in the figures aside), until the transmission gate .
is brought high; ,qf,:; ) i

- in case the TG voltage is set to the high level, it provides a
conductive path towards a lower potential region (the FD),
letting electrons flow towards it.

The pixel operation thus follows the steps described below:

- assume that the pinned PD is fully depleted by the former readout operation (its potential being
brought to the maximum level, i.e. the potential-well being the deepest;

Multi-chance students should skip point n. (iv) of question n. 2 and point n. (iv) of question n. 3



- RESET: with Vs = 0 V, the sense (floating
diffusion) node is reset to Vpp by closing the reset
(T1=Mges). The floating diffusion is thus charged
at vep = Vpp (with possible noise fluctuations
frozen to a random value due to kTC noise);

- INTEGRATION: the reset transistor is then
opened, but charge continues to accumulate
only in the pinned Ny ppp region. The sense node
voltage therefore does not change (remains flat | o O AeADo
in the graphs aside);

- TRANSFER: the TG is closed: (Vrs risen): charge is wholly transferred to the floating diffusion (which

1 kTC noise
+ amplitude

N

RESET NOISE +
OFFSET READOUT

RESET
INTEGRATION
TRANSFER

Ve
empties the Ng_ppp region), causing a change in the sense node voltage v,,; = Vpp — M;
S
- READOUT: the selection transistor closes (T3=Msg), activating the source follower (T2=Mgp) for the

readout.
The mentioned operation provides a few remarkable advantages over the simple 3-transistor operation:

- the capacitance of the sense node (the FD) can be made low, as this small N+ implant is decoupled
from the wide buried N- implant used for photons collection. As a consequence, the sense node
capacitance (the parallel of the FD junction and the follower capacitance) is now small and dominated
by the follower gate, even at large collecting areas (and FF)! Therefore, the overall capacitance at the
sense node depends very poorly on the accumulated charge, avoiding typical nonlinearity of 3T
topologies.

- thesensing node has a very small active area, so that —as already said — the capacitance is dominated
by the source follower. Nevertheless, the FF is almost unchanged. A further consequence is that the
conversion gain (output voltage variation with respect to the input signal charge) can be larger than
in the 3T topology — even at larger collection areas.

- The presence of the pinning shallow P-type implant has also a positive effect on the dark current.
Indeed, surface generated charges are not within the N-type region (as in a 3T) and typically
recombine before reaching it. Therefore, the surface generated current can be almost neglected and
the overall dark current density decreases typically by a factor > 10.

- A correlated double sampling (CDS) can be operated by subtracting to the readout value another
readout, formerly stored during the integration operation. Indeed, as shown in the graphs above,
during integration the output voltage does not change (unlike in the 3T architecture). This allows the
storing of two samples, the former including offset and kTC noise, the second including offset, kTC
noise, dark signal and photo signal. The subtraction thus eliminates electronics offsets (not the dark
current related term) and kTC noise, improving the overall noise performance against the 3T
topology.

- The three transistors of the conventional 3T architecture can be shared among different pixels
formed by pinned photodiode and transfer gate. This enables the reduction of the equivalent n. of
transistors to e.g. 1.75-T: 4 photodiodes with 4 transmission gates and 3 additional transistors, so,
overall, 7 transistors for 4 pixels.

In the end, a higher dynamic range can be achieved, thanks to the reduction of dark current shot noise and
kTC noise. E.g. maximum DRs up to 70-75 dB can be achieved, compared to the typical 60-65 dB of a 3T
architecture. Not to corrupt the so achieved DR, the ADCs of 4T architecture usually require more bits (e.g.
12) than a conventional 3T topology (e.g. 10).



Last Name _ TOCHEMI____ Given Name __GUSTAVO___ ID Number _20240201__

Question n. 2 Process thickness h 20 um
A tuning-fork yaw gyroscope is operated in | Process gap g 1 um
mode-split conditions, exploiting a drive- | Drive mass (% structure) me |4 nkg
loop with amplitude gain control (AGC) and | Sense mass (% structure) ms |2 nkg
differential charge-amplifier readout. With | Sense spring stiffness ks 14 | N/m
the parameters reported in the table: Drive detection fingers (% structure) | N | 48 -
Drive charge amplifier capacitance Ca 1 pF
(i) consider the figure below: size the | Sense charge amplifier capacitance | Cs | 0.2 | pF
drive springs and tuning-fork stiffness | Sense resonance frequency fs 26.6 | kHz
to obtain an in-phase drive resonance | Sense quality factor (% structure) Qs 500 | -
frequency at 20 kHz and an anti-phase | Differential PP cells (% structure) Nep | 6 -
drive resonance frequency at 26 kHz; PP length Lop | 300 | um
(i) size the AGC reference voltage needed | Opamp voltage noise density Swa |70 | nV/VHz
to obtain a controlled drive amplitude | Rotor bias voltage Vac | 5 \
of 8 um; Circuit power supply Vg | 25 Vv

(iii) evaluate the overall sensitivity in [V/dps] and the full-scale range of the sensor;
(iv) evaluate the noise equivalent rate density (NERD) in [dps/VHz], and, knowing that

.. . . Physical Constants
the overall sensor noise is equal to 2 mdps/VHz, calculate the parasitic capacitance

psi = 2370 kg/m3;

at the sense amplifier input node (neglect noise from the feedback resistance). €0 = 8.85 10-2 F/m;
ko = 1.38 1023 J/K;
sense spring tuning fork g=1610%°¢;

drive spring 1
Fe=——= A T=300K;

(i) The drive springs of the structure contribute in setting both the in-phase and anti-phase drive
modes stiffness, while the tuning fork acts only during the anti-phase drive motion, as during
the in-phase motion they are not excited. Therefore, having two drive springs and two tuning
fork springs connected to % structure:

_1 kD'Z _1 kD'2+kTF‘2
foip = 2 | (mp + mg) foap = 2n | (mp +mg)
from which:
mp+m
kp = (21fps) DTS = 47.37 N/m

kp = ((2nfp.ap)” - (mp +mg) = 2kp) /2 = 32.69 N/m

Multi-chance students should skip point n. (iv) of question n. 2 and point n. (iv) of question n. 3



(ii) Considering a differential readout of the drive motion, the induced motional current in each
amplifier is given by the following:

2&,hN
=L Vpe (2nfpap) - xp = 111.03 4

lm

and the differential output is:

Vout.p = 2 =136V

i 27TfD,apcd

and the AGC reference is thus given by the output of the rectification+LPF stage of the AGC:

2
Vrer,acc = Vour,n T 0.865V

(iii) The sensitivity of the system, considering a differential sense readout, can be expressed as
below:

X 2&gLppNpph 'V mV
GF = Xb o Z%oZppllpplt Ypc T _ 4 TV
Aw g? C, 180 dps

And the FSR can be obtained by evaluating which input range cover the whole +Vpp supply

range:
Vbp
FSR = iﬁ = +4237 dps
(iv) From the expression of the quality factor, the damping coefficient can be retrieved:
WgMg
by = ——
s Qs
and from this, the noise equivalent rate density is calculated as:
A kgTh 1 180 dps
NERD = Y-S 2 = 815.455F
V2 XpMgWpgp T VHz

where the V2 at the denominator is given by the fact that the gyroscope is made of two
masses. At this point, knowing that the total input referred white noise, neglecting the CA
feedback resistors, is given by the quadratic sum of the NERD and the contribution given by the
Opamps input noise:

mdps

VHz

Sopamp,tot = \/STleiSW,W,tOt — NERD?* = 1.8

from which, taking into account the differential readout:

Cp=C5‘<M—1>=415pF
\/E'SVn
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Question n. 3

You are required to design a MEMS oscillator as shown Process thickness 30 pum
in the Figure, with specifications given in the Table. W spring 5 um
(i) find the mechanical resonance frequency of L spring 200 pm
Rotor voltage 15V
the structure; Drive square wave pk-to-pk voltage 0.1V
(ii) the output of the CA shall be a sinusoidal 9 P - P g -~ VPP
. . ) Feedback capacitance 200 fF
voltage with at least 1V of amplitude: find the - -
. . . Number of drive comb finger 60
maximum gap of the comb fingers to satisfy -
. , Number of sense comb finger 60
this condition;
(iii) for the found gap value, derive the equivalent Resonator mass 10 nkg
. gap ’ . q Temperature range -40/120°C
electrical resonator model at 27 °C; — -
. i deviati f th Minimum CA output signal 1vVv
(iv) cin;_l er nc;v\;. pro](c:ess_+(()e\1|a |on;t orb. i Qat27°C 000
etening resot |o.nho Ux-h— ' ,“m'h am .|en Number of tuning electrodes 8
temperature, without changing the springs, Gap of tuning electrodes 5 um

redesign the resonator so that it is possible to
trim each device to match the nominal f; of point (i). Then find the maximum Physical Constants

tuning voltage for the tuning plates, needed to compensate a +3¢ etching. €0 =8.85 1012 F/m;
SPRING FOLDS kp = 1.38 102 J/K;
E=179GPa;

ML
—

drive motional
voltage current

Multi-chance students should skip point n. (iv) of question n. 2 and point n. (iv) of question n. 3



(i) The mechanical resonance frequency is calculated with the usual expression:

1 |k
f=—

21 .|m

where k is the overall stiffness, which can be calculated for the top half of the structure and
then multiplied by 2: it is a series of a parallel of two spring. This leads to the following result:

where W and L are respectively the width and the length of each beam. So, the resonance is

3

_ 2 ZEh(T) = 5,216 kH
fo= 21 m z
(ii) The worst-case condition to reach the 1V output amplitude is at the highest temperature: the

Q-factor is the lowest and the displacement of the resonator is itself the lowest. So, it is
possible to extract the Q-factor at the maximum temperature, from the Q-factor at 300K:

/T

Q(Tnax) = Q(To) - = 4368
max
The amplitude of the sinusoid at the output of the CA is:
Voo = NsX =nsw0x=£F _Qmaxz Vo .Qmax_i
CA wOCca wOCca Cca elec k NpNsVarive k I
Addingthatnp =ns =1 = VyotNep - 2 - and then inverting the formula, the maximum
allowable gap to retrieve at least a 1V S|gnal at the output of the CA becomes:
ViotNer - 2 - €50
g= rot'Vcf 0 = 5.44 um
/ Veak Cea
Qmax Vdrive
(iii) The equivalent electrical model of the resonator is described by the following equation:
im(s) 1
V,(s) 1
o) | eqS t Reqg + 7

5Ceq
with
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m
Leg = 77_2 = 1.3 MH
b
Req = F = 8.5MQ
n?
Ceq=—-—=072fF
k
(iv) Since the tuning effect is capable only to downshift the frequency, the redesign of the structure

has to upshift all the gaussian distribution so that it is possible to trim all the devices to the
resonance frequency of point (i). The change of the resonance frequency without changing the
springs can be done by adding mass on the structure. The frequency variability is

Q

w

w

|
N| W

where oy, is associated to the variability of the spring width, so it is twice the reported etching
resolution.

The new target frequency is calculated so that the 3 - o coincide with the distance between
the new frequency and the original one:

fnew_f0:3'0f

The variability of the new resonance frequency can be described as:

frew — fo =3 5= fnew
2 W

and by inverting the expression, is possible to retrieve the new target resonance frequency:

The maximum tuning voltage that must be applied to the parallel plate is the one that
downshifts the highest frequency of the gaussian, that we consider as the +3 - o¢. The
maximum frequency to down-tune is:

fmax = frew + 3Ufnew

which correspond to a change in stiffness that is required for the downtuning, considering that
the stiffness remains the same:

Ak:2k.fmax—_

fmax

N
= 8.53—
m

By equating this stiffness change to the electrostatic softening, the maximum difference from
the rotor voltage can be written as:

Multi-chance students should skip point n. (iv) of question n. 2 and point n. (iv) of question n. 3
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