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Question n. 1

You are a technological consultant for a startup company working on high-dynamic-range CMOS image
sensors targeting more than 70 dB of DR. You are asked to provide convincing advices on the technological
requirements to optimize the CMOS process that the company needs to develop. Discuss and motivate these
requirements, accounting for physical principles, technological feasibility and performance trade-offs.

The physical principles of rwadiatien alisexption indicate that light at the longest wavelengths in the
visible nange (abiout 700 nm) is absoibed (with a
protability larger than 907, ) within 10-12 um. 5his
implies that the thickness of the active bayer should
be at least in this wange. This active layer will be
typicatly a carefully guouwn, figh-quality (ic. bouw
defects ) epitaxy, to feep low the dark-caviier
genenation wate. Gaing to larger thicknesses gives ne
advantages, as the increase in light aliserption at
long wavelengths is much less than linear, and thus
low compared to the increase in dark cuvient.
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Within such a thickness we should create a collecting junction: amaeng the pessible eptions, in view of
an HDR application, it is wecemmended te use a process that enalbiles pinned photediedes. Such
pliatadwdwmﬁaxmedﬂy wholly depleted N-type region, suvwounded by the lowly-deped P-type
epitaxial layer and a shallow P++ surface implant. The typical doping of the high-quality epitaxy
is of e.g. 1075 cm- 3. Ghis implies that, en average, the N -type pinned implant sheuld be at least an arder
of magnitude moxe deped (e.g. 1076 cm3).

Ussuming maximum veltages of eg. 3 V for the pracess the N-type layer gets fully depleted if its
depth is: Xgep ny = ’W% 700 nm, while most of the depletion xegion will still extend in the
Dpp
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by drift within these depleted regions, and by diffusicn frem the non-depleted P-type epitaxial bayer:
for this weasen, it is wecommended that the subistrate is of a heavily deped P-type, such that a small
bariien prevents photagenerated electrans te diffuse from the epitaxial bayer inta the subistrate.

Convensely, the heavily doped FP++ pinning
implant should be very shallow: its purpose it to
tlock dark generated caviens at the dinty Si-Si0
interface and to prevent their collection by the
pinned photediode. Ut the same time, this layer
should net absenb blue light, which weuld Ge
atheuvise lost. For this neasen, thicknesses lower
than 50 nm are recommended fox this layer.

With all such process features, a pinned
photediede can be cbtained as depicted in the

~ 2.2 ym. Jhe pinned photodiode will thus cellect both




figure. T he transfer gate is a standard MOS gate, which, when activated, cannects the pinned photediode
negion to the floating diffusicn, for the photocawviiens eadout. By neducing both (i) cellection of surface-
genenated dark cwwvent, and (i) weset ncise (thanks te covelated deuble sampling, CDS, which is
enabiled by the 4-5 topelogy), the pinned photodiede enabiles to weach DR larger than 70 dB,
avencaming typical limitations of the 39 topology.

dditienal technelogical features that should be adepted
are commeon to all other types of CMOS-image-sensor Microlens &
processes (e.g. the 35 topelogy based on the standard Color

Filter
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(i) the presence of micwo-colon filten avays ——!'\’ T Row,
(CF) enables to. get a color image out of Tc‘ﬁulmtnﬁ// . Bus
an avay cof natively menochreme, m— " Photodiode
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(ii) the presence of micwolenses bypasses the

Potential
Well

problem of a low Lill factor, ie. a low
active area cver the total pizel area;
by radiation which is net visibile te the fuman eye;
Within all these different features, it is alse fundamental to minimize process nonunifounities (both
aptical and electronic ), not to impair the achieved DR at pixel level due to fixed pattern neise (FPN ).

Nenunifounities from piael to pizel can indeed eccur in tevms of

- Silicon deping
- planar geametry (mask eviens on misalignments )
- layer thickness (peor planarity )

W such effects have an impact en percentage phato-tespense (mostly quantum efficiency ) and dark-
signal (mostly dark cuwient) nonunifounities , which are twa souces of FPN that affect the cverall
sensorn DR and should be minimized.

Note: alternative paths for the answer, deviating from the “technological requirements” and focusing more on the DR formula, 4T
topology and working principle, CDS... are appreciated — though conceptually not aligned with the key point of this question.
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Question n. 2

You are designing a system formed by a parallel-plate

MEMS accelerometer and an integrated readout circuit

for high-full-scale-range (FSR) applications. The target

parameters for your design are given in the Table. First

consider the situation given in Fig. 1 (neglect the central

driving electrodes, disconnected from the circuit):

(i) given the target FSR, find the optimum resonance

frequency f, for the accelerometer;

(ii) find the optimum sensitivity after the low-pass
filter, i.e. at the point indicated as V,,,; in the circuit
of Fig 1 (express it in [mV/g]);

(iii) find the corresponding optimum value for the
feedback capacitance Cr of the charge amplifiers.

Given Name __Graziano__

Target full-scale range (FSR)

Target linearity error

Rest capacitance (sense electrodes)
Rest capacitance (drive electrodes)
Parallel plates gap

Test signal amplitude

Test signal frequency

Elastic stiffness

Supply voltage of the sensing circuit
Gain of sensing INA stage

Gain of driving INA stage (Fig. 2)
Multiplier gain

DC voltage V, (Fig. 2)

ID Number _ 20190109

16¢g
1%
250 fF
632 fF
1.59 um
05V
500 kHz
5N/m
2V
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100
2v?
1V

After a suggestion from a colleague of yours, you now consider the alternative circuit depicted in Fig. 2:

(iv) what does the feedback mechanism do when an acceleration occurs on the sensor? Explain in detail the
working principle and clarify which is the physical quantity controlled by the loop;

calculate the new sensitivity, once again in [mV/g] at the point indicated as V,,,; in Fig. 2 (hint: base your

starting equations on the considerations of point (iv) and neglect the voltage signal v; in your

(v)
calculation).
- '
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Physical Constants

g=9.81m/s?

U parallel-plate MEMS accelerometer shows typically a Umitatien to the FSR given by the
nonlineaxity of the parallel plates. J e nelationship between the maximum displacement X, ,, and the
lineaxity evwon €5, and the welationship between the same maximum displacement and the acceleration

covespending to the FSR (that genenates it) axre:

_ [*max 2
€lin = Xo

FSR

X —pe—
max (,0(2)



where w is the wesonance frequency acceunting alse for electrastatic softening. In the specific case, the
electrostatic stiffness (with a high-frequency test signal v, with amplitude V, ) is:

VZCos 1
L= =0.025 N/m
g° 2

keiec = 2

saftening fox the sake of simplicity ). We thus simply get:
£ = Wo 1 FSR 1 |16-9.8m/s?
o 1.59 um v0.01

= =— =5kHz
2w 27 |xg €y 2T

2.

The eptimum sensitivity covespends to the situation where the maximum accelexation genevates the
maximum signal that aveids saturation in the civcuit. Jhe specific civcuit is based on a small-amplitude,
thigh-frequency signal v, which madulates the sensing signal arcund 500 kFtz. This signal is in turn
demadulated back te baseband with a multipliex and a law-pass filter.

JIn teums of medulus, we can consider that the sinewave signal with an amplitude vy, at the INA
autput is multiplied by ancthier sinewave v, with amplitude 0.5 V. Ut the multipliex cutput we thus
fave

Ve = R V™) - Viya cos(2m500kHz t) -V, cos(2n500kHz t) =2V ViyaV, %[COS(O) +
cos(2mr1MHz t)] = 0.5 V;y4[cos(0) + cos(2mr1MHz t)]

(Uften the low-pass filter, the cemponent at 1 MFz is filtered and the guasi DC signal V,,; is
propestional te 0.5 Vi 4, which is thus lower than the I N ocutput. The critical saturation peint in the
cincuit is thus the I N cutput itself. This voltage, in the optimized situation, should cover the electionic
FSR (20 ) under an acceleration FSR (16 g). Ut the INUA cutput, the sensitivity Sy 4 should be thus
125 mU/g, which at the point indicated as V, ; becames S = 62.5 mV[g.

3.
The optimum sensitivity should match the following equation:
S=5 05—26"Vt 1 G 05—625mV
— YINA ) = xOCng INA nt — . g

which yields an eptimum feedback capacitance Cr. of 125 £5F.
4.

Ja study the befavion of the cincuit of Fig. 2, it is wornth adding seme considerations on the phases of the
signal up te the multiplier. Ussuming a 0° weference phase for the test signal v,, we know that the

dvg

cuwents i1 , at the charge amplifier inputs shew a +90° phase (i1, = Ci200) E),tmdtﬁeualftagw at
the charge amplifiens cutputs show a -180° phase (integration of the cuvient, and negative input of the
amplifier). The TN takes the difference bietween the voltages: if the accelerometer is centered, the I N U
will show a null cutput. I the inestial force pushes the mass rightwands, the INUA eutput will show a
-180° phase with wespect te v, (thus, a negative cutput after the multiplication and LPF ). If the inextial
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farce pusties the mass leftwands, the INU cutput will be in phase with v, (thus, a pesitive cutput after

(Ut this peint, the secend INUA amplifies this signal (by comparing it te () inte what is called V,,; in
this new cincuit. This signal is summed and subitracted te V,, yielding a net electrostatic force Fo oo on

_ (VA + Vout)2 (VA - Vout)2 COd _ 2VAVoutCOd
Felec - 2 - 2 e —

Xo Xo

The force is directed in such a way that the acceleration action is counterbialanced. This essentially
means that the weaction civcuit acts in such a way that the inextial force is cempensated by the electrostatic
force. Indeed, this technigue is known as force-feedliack.

5.

Ussuming a high-encugh loap gain, the sensitivity is thus found by setting a perfect balance between the
electrostatic force applied by the feedback at the drive electrades, and the inextial force. (s suggested by
the teat, we neglect the small signal v, in the caleulation:

2VAVoutCOd
—_— m-a
X0
Vout: mx, _ k x, "N 2 mV :625m_V
a 2VACOd wSZVACOd ' m/SZ '

The sensitivity is the same as fox the civcuit of Fig. 1, however with this cenfiguration the MEMS is kept
always centered, improving the system linearity.
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Question n. 3

Given Name __Graziano__

ID Number _ 20190109

You are designing a dual-mass Y-axis gyroscope, = Process height h 24 pm
whose simplified structure is depicted in the = Springs length L, 100 um
Figure. A set of comb-finger electrodes (not @ Springs width wq, 2 um
shown) allows the anti-phase motion of the Tuning fork length Ly 100 um
proof masses along the drive X-axis, whereas Tuning fork width wy 2 um
the angular rate along the Y-axis is sensed with = Drive and sense mass (% structure) m 5 nkg
a torsional mode through the S1-S2 parallel- = Sense resonance frequency fs 21.8 kHz
plate vertical electrodes placed underneath the = Sense Quality Factor Qs 1000
moving mass. The parameters of the system are ~ Lever for Coriolis force Ico 100 pm
given in the Table. Sense electrodes distance /. 150 um
Additional electrodes distance lp 50 um
Moment of inertia (full structure) J 6.7-10 kg m?
Initially neglect the four additional electrodes Max input angular rate Omax 1000 dps
biased at +AV. You are required to: Max quadrature Bgmax 1000 dps
- Rotor voltage Voc oV
(i) find the drive amplitude x, in order to =~ Maximum voltage AV 5V
. e 90 purad | Additional electrodes width W 50 um
obtain a sensitivity Sg = — = 1. , -
0Q dps”  Vertical gap g 2 um
where 6 is the rotation angle of the  ganse electrode area Ao 1-10° m?
sense frame as in the bottom figure
(hint: recall the formula relating the |
moment of inertia J and the resonance AV E AV .
I

frequency fs, and neglect electrostatic
softening of the sense mode);

with Sy given in the point above, find
the sensitivities in terms of vertical

(i)

0z .
30 and of single-
ac

ended capacitive variation S, = 20

(iii) find the maximum linearity error.

displacement S, =

Now consider the additional four electrodes
underneath the structure, biased at +AV:

(iv) what is the purpose of these four
electrodes? Is a maximum bias voltage
+AV,,0x = £5V enough to reach the
purpose?

Physical Constants

€0 =8.8510"2F/m
E =160 GPa

1.

point

i oy

P —
[ S

We are dealing with a gyrescepe that is diiven in-plane along the x axis te sense an angular nate in the
y direction. The twa masses are for sure driven in anti-phase sa that the Coxiolis force will pull up one
mass and dewn the other mass. In this way, an extewnal acceleration is sensed as a comman-mode



signal and rejected. Netice that the sense made is a torsional mode: the Coxialis force applies a torgue
with a lever 1, to. each mass.

Ja campute the diive displacement x; that gives ws the convtect sensitivity Sy, let’s find the expression of
this sensitivity. Of caunse, we cannct use the usual founula S = x4 /Aw because this is a displacement
sensitivity ([m[dps | ) for an in-plane gyro, net an angular sensitivity ([rad[dps | ) fer a tewsienal eut-
of-plane gyro. In fact, the effect of the Corialis foxce is different: it applies a doubile torque T, to the
stwucture, given by:

Teo = Feoleo + Foolco = 2+ 2mugQ - Iy = 4leomw x4 Q.
This is because F,, acts on the barycenter of the mass with a lever | ,, multiplied by 2 because Corialis
applies a torque on both masses (nate: if you did not multiply by 2, you will net be penalized as it is
considered a minay evion ).
T, is then turned inte angle 0 thiough the towsicnal made equation. By analegyl, we can apply the
wsual fovmulas of a linear mass-spring-damper system provided we subistitute F — T; k,, = kg; x —
0; m — J. Therefare:

00  4l,,mwgx,Q |rad

Soa - ko rad |
S

0=T, ¢

ok_e_)SG

e find x; we need to find kg, wy. If the gyro is made-matched, Q will be the sense quality factor; if
the gyro aperates in made-split, Q@ will be the the effective Q. We need to vexify this.

Fiust off, let us find ky. Applying the analogy with the linear mass-spring system:

k
ws=\/;—>k9=w52-]=1.25-10‘6Nm

Then, let us find the drive stiffness ko, (anti-phase mede) and the drive resonance frequency. Jhe
stiffness of the half-stuucture is:

kgap = ksp + ker = Eh Wop)' 2+Eh W)’ 2—(3072+6144)N—9216N
dap — Tep TR TP\ L, ) 2 Lg,) 17 B ™Y

Where we have 2 anchor springs in parallel, each made of the series of 2 folds, and 2 tuning forks in
parallel, each with a single beam. Jhe drive wesenance frequency f; is:

N

1 kdap 1 92166
=— ’_':_ = 21.608 kH
Ja 2| m 2w+ 5nkg z

From the sense nesonance frequency datum, we can compute the split frequency Af ;.-
Afspiie = fs — fa = (21.8 — 21.608) kHz = 192 Hz.

! Recall the differential equation of a torsional system /@ + by + kg = T,,, very similar to the usual linear one.
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Therefore, the gyro is operated in made-split since the split frequency is much larger than the -3d5B
bandwidth of the sense mode (10.9 Fz). The effective quality facter Qcrr is:
_fs 21800
Qerr = 20y 2-192
By inventing the sensitivity formula, we can get the diive displacement:
_ Sokg 180
4leomwgQerr ™

= 56.8

X4 =8 pum.

Netice that you could have used the maement of inewtia of the half stwucture and the torgue applied to
the half stuwucture to get the same result.

2.

The ventical displacement z at the center of the sense electrode is given by:

zZ = lel~tan9 zlel'g.

Therefore:

p 0z 0z 69_l G, = o8c pm

2790 a0 4 ¢ 0T dps’
s for the capacitive sensitivity, considering that a vedtical parallel plate befiaves just lifke the usual
stuucture:

g _0C 0C 0z €yl S =570 zF

¢Toa 9z a0 gz 7 dps’
3.

We just need te apply the formula for the linearity evwon of a differential wead-cut:

Az 2 /5,-Q 2
i = (2] = (Z£m) = 0.0166 (1.66%)

g g
It yeu did se, you will be awarded full peints. The mast coviect answer would have been to consider
alse the motion induced by the 7 guadrature nate By g

2
AZpg > (Sy/Q24x + B2
Elin=< max) =< AR "'max> = 0.0332 (3.32%).

g g
4.

The four electrades implement a T atar scheme for aut-of-plane mades. By tuning the AV veltage you
can intreduce and finely tune an x-z (ar x-0 ) cuass-stiffness that can cempensate the motion introduced
by quadiature evions. The main difference with xespect to the “standard” in-plane implementation is
that this scheme applies a terque (rather than just a force) te the MEMS: it is impetant to consider
the pasition of the four electrades (i.e. the lever | of the applied quadrature campensating force).



Let’s prove this statement by computing the quadiature compensating torque Ty applied by the 4
electrades, L, being the notor-electrode cverlap at nest and x being the (anti-phase mede) drive
displacement2:

TQC = FllO - F2l0 + F3lo - F4_lo ES
le,W 5 5
=3 97 Lo[(Vpe — AV)*(Loy + x) — (Vpe + AV)*(Lyy + x)
+ (VDC + AV)Z(LOU - x) - (VDC - AV)Z(Lov - X)]

By deing the computation, you find cut that all the teums propertional to Vg, AV? and L, disappear
(like in the cenuventicnal J atax scheme) and you get:

1e,W 4e WV, AV,
TQC = E?lo [ZVDCAV(—4X)] = T X

So, this is an architecture that applies an angular displacement (0 = Ty - kg /Qerp preperticnal te
the duiive displacement, just life the quadiature evor.

The quadratwe tongue Ty is:

Ty = 2mwgxq By (21.,)

The maximum T to be compensated can be cbtained by substituting By = B g, and the maximum
Toc that can be applied is found by subistituting x = xg and AV = AV AVippayx = 5V is encugh to
compensate the guadiature if the following vatio is smaller than 1:

TQ,max gz _ gzmdeq,maxlco

=4 Bgmaxlco - a
MWgXgDbgmaxtco 460WVDCAVloxd EOWVDCAVlo

=428>1
TQC,max

This nesult tells ws that the compensating tonque Toc is not encugh (by a facter of albiout 4) to

2F,, ..., F, are numbered left to right, top to bottom.



