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ABsTRACT: This paper describes the fundamental timing properties of a single-pixel sensor for
charged particle detection based on the 3D-trench silicon structure. We derive the results both
analytically and numerically by considering a simple ideal sensor and the corresponding fast front-end
electronics in two different case scenarios: ideal integrator and real fast electronics (trans-impedance
amplifier). The particular shape of the Time of Arrival (TOA) distribution is examined and the
relation between the time resolution and the spread of intrinsic charge collection time is discussed,
by varying electronics parameters and discrimination thresholds. The results are obtained with and
without simulated electronics noise. We show that the 3D-trench sensors are characterized by a
synchronous region, i.e. a portion of the active volume which leads to the same TOA values when
charged particles cross it. The synchronous region size is dependent on the front-end electronics
and discrimination threshold, and the phenomenon represents an intrinsic physical effect that leads
to the excellent time resolution of these sensors. Moreover, we show that the TOA distribution is
characterized by an intrinsic asymmetry, due to the 3D geometry only, that becomes negligible in
case of significant electronics jitter.
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1 Introduction

High-luminosity conditions expected for the next generation of particle physics experiments require
the use of vertex and tracking detectors with extreme requirements in terms of radiation resistance,
spatial and time resolutions [1-4]. The renewed interest within the scientific community has led
to several studies on different new technologies for future tracking systems, investigating also
the possibility to measure simultaneously time and spatial coordinates (4D tracking) [6-8]. A
comprehensive discussion on the topic can be found in [5].

In this work, we study silicon 3D sensors [7] with trench structure, which have proven to be
extremely radiation resistant and to have unprecedented time resolution, with the drawback of higher
capacitance and complex fabrication [9-11]. Beyond the experimental and technological aspects,
an analytical study of their fundamental physical properties is not present in the literature. On the
contrary, in-depth studies have been carried out on the physical properties of planar structures [12].
In this work we derive analytically the fundamental and intrinsic timing properties of 3D silicon
sensors with trench technology in the case of ideal fast front-end electronics, starting from first
principles. In fact, it is well-known that, for planar sensors, signal shape variations as a function of the
hit position in the pixel are caused by a non-uniform weighting field and non-saturated drift velocity,
while here we focus on the fact that for silicon sensors with 3D-trench structure another source of
signal shape variations is due to the different inducing times of charge carriers, which arise only
from the particular 3D geometry. Moreover, we discuss the results by using numerical simulations



with custom simulation packages [13], in the case of realistic fast front-end electronics. All the
results obtained both analytically and numerically are first discussed without introducing electronics
noise (section 2), while in section 3.4 we study the timing properties in the presence of noise. These
results are in agreement with already performed experimental measurements on 3D-trench silicon
pixel sensors, obtained at test beam [9, 14, 15] and with in-laboratory characterization with a laser
setup [16].

2 Time resolution of ideal 3D-trench sensor with ideal fast electronics

In this section we discuss the transient currents in a 3D-trench silicon sensor, starting from first
principles and deduce the properties of the voltage signal and the time of arrival (TOA) distribution
by considering a transfer function of an ideal fast electronics (i.e. an ideal integrator).

2.1 Properties of transient currents

We consider a 3D silicon sensor with a standard parallel electrode configuration: two ohmic trenches
are located at the two opposite sides of the pixel, while a third trench, used as a readout electrode, is
placed at the pixel centre, parallel to the two ohmic trenches (figure 1). Without loss of generality, we
can study the transient currents in one half of the sensor, by considering the region between the readout
and one ohmic trench: the geometry is then a simple parallel-plate sensor, as shown in figure 2.

In the case of pure vertical minimum ionizing particles (MIPs), the effect of Landau fluctuation
of energy loss influences only signal amplitudes, causing a time walk effect on output signals.
However, as we will discuss later, since this effect can be corrected by the proper discrimination
method (constant fraction, use of time-over-threshold, etc.), we simplify the model by not introducing
Landau fluctuations. In the case of particles crossing the sensor with a non-null tilt angle this
approximation is, in principle, no more valid, since also the shape of the signals is affected. Moreover,
we will not introduce higher-order effects like weighting field unevenness, non-saturated drift velocity,
charge diffusion, etc. in order to derive time resolution contributions due to the 3D geometry only.

Read-out
electrode

Biasing
electrode

Figure 1. Silicon sensor with 3D geometry, with track and charge deposit representation.



Figure 2. Ideal parallel-plate sensor with 3D geometry (left), example of boxed current with induction
duration ¢, for the electrons and ¢, for the holes (right).

We indicate with d the distance between electrodes and with x the position of the vertical track
passing through the sensor. By applying the Ramo theorem [17] to the configuration just discussed,
in the case of tracks parallel to the electrodes, the resulting transient currents are simply boxed
currents. Since all the carriers with the same polarity have always the same coordinate at every
instant, all the electrons and holes currents can be summed up and the current is equivalent to the
sum of two contributions,

1(t) = %a(j—e - t) + %e(dv_hx - r), .1)

where Qi is the overall charge deposited within the sensor, v, and v}, are the carriers velocities,  is

the time and 6 is the Heaviside step function. The duration of the signal is given by the carrier that

has to cover the longer distance, depending on the x position. We can define the two times, ¢, and 77,
X _d-x

te = —, th = . 2.2)
Ve Vh

The duration of the signal will be then the maximum between these two values,
t. = max{te, ty}. (2.3)

The center of gravity time (COG), as defined in [12], is

! (f PGt x)z). 2.4)

t X)=—
cog (%) 2d \v, Vi
For electronics with a time constant T > 7., the time resolution can be estimated by considering
the time displacement of the pulse response due to signals with COG time equal to ¢og. Following

calculation in [18] the standard deviation of the COG time can be written as

> 4 42 7 d? 4 d?
— t2 —t = —_—— Ton 0° 2.5
Tteog m \/18() vﬁ 180 v, vy * 180 v%l )




where the over-line represents the average calculation. The resolution becomes smaller if the distance
d is kept smaller. It is worth noting that, with a planar detector without a gain mechanism, this leads
to the fact that the noise will become the dominant contribution to time resolution [12], not allowing
to improve further the performance. This is not the case with 3D sensors, where the signal-to-noise
ratio (SNR) can be kept high by choosing a proper thickness of the detector, allowing it to have
more charge and, at the same time, maintaining the timing characteristics that depend only on the
electrode distance.

2.2 Properties of output signals and the synchronous region

In order to relate the intrinsic properties of currents with observed timing properties of 3D-trench
sensors we need to perform a convolution between the transient currents in eq. (2.1) and a transfer
function describing a fast front-end electronics. Let us consider a simple ideal integrator: the output
voltage signal, V(¢), is the one obtained across the capacitance Cp of the detector,

t
V(t):%/ I(t")dr'. (2.6)

Considering the current in eq. (2.1), the voltage signal for every position x can be written as

/0 t Coteg( L~ r)ar + /O t e E t')dt'). @7

Since the currents are boxed, with constant amplitude, V(z) is a simple ramp signal. It is important

V() = %

to note that the slope changes when one of the charge carriers stops inducing, namely when it has
arrived at the corresponding electrode, as shown in figure 3.

Given the V(r) signal, let us focus now on the discrimination properties: if we consider a certain
threshold, Vy,, corresponding to a certain charge Qs = Vi1 Cp, the threshold is reached at a time 7,

such that
1 ts . ts . d _
Vin =V(ts) = — / %G(i - t’)dt’ +/ Q'“Vhe( *_ t’)dt’ . (2.8)
Cp 0 d Ve 0 d Vh

Neglecting the capacitance Cp for the moment, since it is just a multiplicative factor, the threshold

charge QO can be written as

ts . Is . d—
Qs = / —Q‘“Vee(i - t’)dt’ +/ Q'"vhe( ap t’)dt’ , (2.9)
o d \ve o d Vh
and by considering eq. (2.2) the previous equation becomes
0, = Qi;ve (ts - te)e(te - ts) 1| + Qi;‘lvh (ts - th)G(th - ts) +th]. (2.10)

Depending on the impact point x of the track, at the given threshold Vyy, the time 75 ranges
between a minimum ™" and a maximum £, as shown in figure 3 (b). It is interesting to examine
the case of ™", which is obtained by requiring the following conditions,

ts <te and <ty @.11)
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Figure 3. a) Voltage signal for different boxed current, b) Different voltage signal and fixed threshold Vi,:
the brown signal will cross the threshold all at the same time ™" while the blue signal will have different
TOA ranging from ™" to M, ¢) Synchronous region inside the detector (green region) with all events that
produce the same time of arrival 7™,

which means that we are taking into account only the signals where the charge Q; is reached with
both carriers still contributing to the induction, as shown in figure 3 (b) and figure 4.

In this case, following eq. (2.10), we obtain that both the functions 6(t, — t,) and 6(t), — 1) are
equal to 1 and we can write

_ Qin(ve + vl’l)tmin

Qs = 7 s o (2.12)

and, correspondingly,
tmin _ Qsd

== 2.13
ST Onlvetvn) @15

This is an important result because the time ™" depends only on constant values, having specified
the threshold Q. Thus, it can be concluded that all the tracks impacting the sensor in positions x
satisfying the conditions in eq. (2.11) produce transient currents whose output signals reach the
threshold at the same time ™", This effect is peculiar of 3D-trench geometry, and the corresponding
x range defines a Synchronous Region within the sensor. The events belonging to the synchronous
region satisfy

\%

(2.14)

X > Vely for electrons,
X =
x <d—vpty for holes.
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Figure 4. Integrals of the boxed current: for the red current the charge Q; is reached with both carriers still
contributing to the induction, for the green current one carrier has arrived at the corresponding electrode and
the other has to induce the remaining charge to arrive at the value Q.

For simplicity, we can now consider the case where the velocities v, and v, are equal. The time

40, d
min - =2 — 2.1
s 2v Qin 2v B, (2.13)

where S indicates the fraction of the threshold with respect to Qj,. The events satisfying eq. (2.14)

becomes

have positions x > x5 and x < d — x5 with

xg = v, (2.16)

N

and stay in a region with width Ly given by
Ly=d-2xy=d(1-p), (2.17)

which defines the width of the synchronous region, as shown in figure 3(c). It is worth noting that
L, depends on the chosen threshold Q.

On the contrary, events with impact position outside the synchronous region, x < xs or
x > d - xg, have a different time at threshold 7,, bigger than t™". Given the symmetry of the problem,
considering a position closer to the electrode where electrons induce and following eq. (2.10) we

obtain
Oinv Oinv
Qs = =tte+ = hye (2.18)
d Qg
fg= =25y, 2.19
S v an e ( )
ty = 2¢min ~ (2.20)
1%



We can see now that the time 7; depends on the impact point x, i.e. the x coordinates are defining a
non-synchronous region. The maximum of ¢4 is obtained for x = 0, and peculiarly its value is twice

min
e,

(1ax = pgmin (2.21)

N

2.3 Time of arrival distribution and propagation coefficient

In order to study the time resolution of the ideal 3D-trench discussed above, we consider vertical
tracks uniformly distributed on the coordinates x. All the tracks impacting the sensor within the
synchronous region are characterized by a peaking TOA distribution because all the events have the
same time of arrival ™", A similar TOA distribution shape has been already seen in the case of
Germanium gamma-ray detectors, where the sharp peak was due to events in the central region of
the detector [19]. The events populating the narrow peak correspond to a fraction « of the total,
given by

o= Zn=9s (2.22)

Qin

The remaining fraction = (1 — @) shows a uniform TOA distribution (figure 5) with width

Atg = M — ymin = 4Min and standard deviation o = t:@ The synchronous events, having all the

same TOA, have a standard deviation
oq =0. (2.23)

We remark in this context that this result is ideal, with the aim of understanding the fundamental
properties of 3D-trench geometry. Moreover, it is obtained by considering an ideal fast electronics
without noise. As we will discuss later in the text, in the presence of noise the synchronous peak
becomes larger due to the noise convolution, and the overall distribution is characterized by a narrow
peak and a longer right tail, as observed experimentally and found in simulations [9].

The total TOA distribution is characterized by a probability density function (PDF) p(¢) as
a mixture of two PDFs, indicated as p,(#) and pg(t), for the synchronous and not synchronous
contribution respectively. They are summed up with weights o and § and are characterized by
averages i, = ™" %t;“i“

and ug = and standard deviations og and o,. The total PDF can be written

as
p(1) = apa(t) + Bpp(1). (2.24)

The overall standard deviation of the mixture distribution is given by

o = alog +pg) + Blog +up) — 1, (2.25)

where u = auq + Bug,
p=(1-p)mn4 ﬁ%t;mn, (2.26)
= t?‘“‘@- 2.27)

Substituting the corresponding values we find

o (1nin)2

s S _ 2
7 =TT (48 - 3p7). (2.28)
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Figure 5. (Top) Distribution of time of arrival TOA with threshold Q;: it presents a delta distribution with
TOA ™" for a fraction a of the events, and a uniform distribution due to fraction 8 of events outside the
synchronous region. (Bottom) Single distribution of the two regions: a delta distribution with o, = 0 and a
uniform distribution with average g and standard deviation og.

Since the minimum time t?‘i“ is proportional to the chosen threshold (eq. (2.15)), the total
resolution can be also written as a function of the carrier velocity v, the electrode distance d and the

o, = LN 3F
T VR

that is a monotonically increasing function with respect to the fraction S. At this point, it is

fraction S as

) (2.29)

interesting to relate the time resolution o, of the output signal with the charge collection time (CCT)
distribution, which is an intrinsic property of the sensor, namely the distribution populated with all
the collection times 7. as defined in eq. (2.3). We find that for carriers with equal velocities this
distribution is symmetric, as shown in figure 7 (a), with limits given by

min
Ie

tC: ma
e =

d
2 (2.30)
d

<l Pl



Figure 6. Propagation coefficient 9 () as a function of the threshold 3.

and, correspondingly, the standard deviation is given by
max _ gmin - gmin
oy = [ C e )
Vi2 Vi2

Thus, the time resolution in eq. (2.29) can be written as

Ot = ﬁ\/“'ﬂ -3 -0y, = oy, = P(P) oy, (2.32)

where we introduced the function of the threshold & () called Timing Propagation Coefficient
from the sensor to front-end electronics, as defined in [20] and calculated analytically in this case for

P(B) = B4B - 3B°. (2.33)

The timing propagation coefficient measures the capability of fast electronics to reduce the intrinsic

2.31)

the ideal integrator (figure 6),

time collection dispersion of the sensor transient currents, as a function of the threshold chosen.
In order to make a comparison between slow and fast electronics, let us consider the resolution
calculated using eq. (2.4) following [12], with equal carrier velocities v,

d 1
Oteog = — F7—> (2.34)
- VY180
that can be written in terms of the standard deviation of the CCT o7, as
2
(2.35)

(oF = —0y¢..
Tcog \/E Ic

This calculation assumes electronics with time constant 7 >> 7., thus for slow electronics and equal
velocities the propagation coefficient & of an ideal 3D-trench silicon sensor is equal to

2
P = —— ~0.516. (2.36)
V15
and does not depend on the threshold. In our calculation, we find that a fast electronics, e.g an ideal
integrator, reaches the same result if a threshold 8 ~ 0.46 is chosen, while for lower thresholds the

resolution improves significantly (e.g. &° = 0.33 for § = 0.33).
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Figure 7. a) CCT distribution with same velocities v. b) CCT with different velocities v, and v,.

2.4 Asymmetry of the TOA distribution

Another important aspect of the TOA distribution is that the synchronous peak causes the distribution
to become asymmetric, even in the case of carriers with the same saturation velocities v. Since
we are studying an ideal sensor, with a constant electric field and constant saturation velocities of
carriers over the entire active region of the sensor, this asymmetry cannot be caused by unevenness
or non-uniformity of the weighting field. Indeed, it is an intrinsic characteristic of the 3D geometry
and it is strictly related to the different charge collection times, since the charged carriers have to
cover different distances depending on the position x. The intrinsic asymmetry becomes stronger if
a lower threshold § is chosen (higher @) and the resolution improves (figure 8).

L=ad L =azd
— —
dN
dTOA
B2=2p,
o;=2a,
| t B - - -
tsmin ( 0{]) t maz ( a]) t mas ( (Zg) ! ' ' I } t
tsmin ( ag) s d Ts d
a) b) Z

Figure 8. a) TOA distribution for different thresholds 8. doubling the threshold, i.e 8, = 2(; the distribution
gets larger and delayed; also the synchronous peak halves in amplitude. b) synchronous region for @;. c)
synchronous region for @ = a1 /2.

Indeed the size of the synchronous region becomes smaller with a higher threshold g (figure 8).
We can generalize easily the results to the case of different saturation velocities. The TOA distribution

~-10-



acquires another source of asymmetry as shown in figure 9(a). Following eq. (2.18), we find two

values for the time #;®*, in particular
tmax — QS'd tmax — QYd (2 37)
e Qinve s:h Oinvn

The minimum value, 1™, is given by eq. (2.13). In this case, the synchronous region is no more
symmetric with respect to the sensor geometry, and it gets closer to the electrode at a lower potential,
as shown in figure 9(b). The size of the synchronous region is given by

min min
Ly=d—xg — X, Xs, = Velg ', Xg, = Vplg . (2.38)
xSl xsz
—> >
dN
dTOA

t;’l’LiTL t;ngx t;r_lg.x t 0 d
a) b)
IS 1 IS 9
—> >
d
b)

Figure 9. a) Time of arrival distribution in the case we have different saturation velocities v, and vy,.
b) Synchronous region with different drift velocities for the carriers, that gets closer to the holes electrode.

2.4.1 Propagation coefficient & with different saturation velocities

The propagation coefficient & in case of different saturation velocities can be obtained by considering
the CCT distribution shown in figure 7 (b). The standard deviation of the total distribution can be

—11 =



calculated again by considering the mixture of two distributions, finding

iny2 4 3, _5,2,2 3, 4
, (™). +2vvp = Svevy + 2vevy vy
le ™ 2,2 )
< 12 vevy

(2.39)

If we introduce the parameter k as the ratio of hole and electron velocities, vy, = k - v, we can
express the standard deviation o7, in eq. (2.5) in terms of o7,

5 (4k* =Tk +4)(1+k)?
g, = gy .
©e  15(k*+2k3 —5k2+2k+1)

(2.40)

Thus, the following function,

(4k2 =Tk +4)(1 + k)?
P(k) = , 2.41
(k) \/15(k4+2k3—5k2+2k+1) (241)

represents the Timing propagation coefficient of an ideal 3D-trench sensor with slow front-end
electronics as a function of the factor k. The function is shown in figure 10 (a). For equal velocities
(i.e k = 1) we obtain the propagation coefficient already discussed in eq. (2.35), while for k < 1 the
value decreases until reaches its minimum, given by

3-45 ) V30

= —— ~ 0.456. 242
2 12 (2.42)

Pk =

This justifies a criterion that, in order to estimate the achievable resolution of a 3D silicon sensor
that produces currents with different collection times ., one can consider the CCT distribution and
take half the standard deviation o...

It is instructive to consider an even simpler model of sensor, where the currents are rectangular
pulses with different duration ?., uniform collection time distribution with standard deviation o,
following [20]. In this case, for slow front-end electronics, we find that o is exactly half of o7, as
the centroid resolution would suggest.

The definition of the timing propagation coefficient becomes useful when we consider faster
electronics because, as shown in [20] and 2.33, this can be expressed as a function of the threshold, to
manifest the ability of a fast electronics to reduce the intrinsic collection time dispersion. Considering
now the distribution figure 9, we can take the mixture of three distributions, following the same
method used in the previous sections, to find the propagation coefficient for the ideal integrator with
different saturation velocities of carriers. In particular, we have

) B (4(\/21 - vivh + vgvi - vevz + v;t) - 3,8(\/% — VeV + V%L)z) ) 043
g- = g, , .
fs v +2v3v), — SVEV%I + 2vev2 + v‘;l) fe
B3 (4(\12' —vivp +vEvE —vevs +V}) = 3B(v: — vevy + vi)z)
P(Bsve,vn) = (2.44)

vE+ 203y, - 5v§vi + 2vevi + v‘;l)

For k = 1 we find again the propagation coefficient given by 2.33. The propagation coefficient
for different drift velocities is shown in figure 10(b).

— 12—



P(k) P(k)
P=0.5
0.8
0.6 [
P=05
0.4
0.2+
° 0 0.2 0‘.4 0.6 0.8 1
k
a) b)

Figure 10. a) Timing propagation coefficient with slow electronics as a function of the ratio of the saturation
velocities k. For equal saturation velocities, we get the value 2.35, for smaller k& (i.e smaller holes velocities)
the propagation coefficient gets smaller reaching a minimum where k = 377‘5 ~0.38 (i.e ve ~2.63 vp). b)
Timing propagation coefficient for the ideal integrator as a function of the threshold 8 and the ratio k of the
velocities of the carriers.

2.5 Correlation between time resolution and efficiency

The existence of the synchronous region has the effect to produce a correlation between the resolution
of the 3D detector and the efficiency. In fact, once a certain threshold is chosen, if we are willing to
sacrifice efficiency and consider only the events crossing the synchronous region, we would have a
perfect detector with an ideal infinite resolution. This means that with the ideal integrator and a
threshold Qs at 8 = 30%, as an example, the synchronous region would cover 70% of the sensor
active volume (i.e. not taking into account the trenches volume), thus obtaining a detector with an
efficiency Eg = 70% and resolution o, = 0 ps. We remind that this result is derived by considering
perpendicular tracks. The calculation in the previous section can be extended to consider also the
efficiency, thus we can define a new Propagation Coefficient, 5(83, Ex), as

P(B. Ex) = V(B +Eg - 11);(3 +En—3p)

o, = P(B, Eg) - 0% (2.46)

(2.45)

In this case, if an efficiency Eg equal or smaller than « is chosen (also Eg < 1 — f8), the
resolution becomes zero since we consider only events that are in the synchronous region (figure 11
and figure 12 ). If we increase the efficiency the resolution has to gradually worsen until the value in
eq. (2.32) is reached.

3 Time resolution of ideal 3D-trench sensor with real fast electronics

In the previous section we discussed the properties of the voltage output signals and the corresponding
TOA distribution by considering a transfer function of an ideal integrator. For a meaningful
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Figure 11. a) TOA Distribution for a chosen 8 with highlighted the events for a reduced efficiency
Eg. b) Detector with a fraction Eg of the detector and the corresponding synchronous region Ly inside.
c) Propagation coefficient as a function of 8 and Eg: the flat region is where the propagation coefficient
P (B, Eg) = 0 and the detector is a perfect detector.
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Figure 12. a) Propagation coefficient (g, Eg) for different thresholds 8. b) Resolution as a function of
the efficiency Eg for different thresholds 8 of an ideal 3D detector with d = 20 pm and saturation velocities
v =0.1 pm/ps.

comparison with experimental observations, a more realistic transfer function should be considered.
Unfortunately, the analytical calculations using such transfer functions are no more straightforward,
so we will derive the results by using numerical simulations, with the possibility of interpreting the
results in light of the analytical description carried out for the simpler model. The simulation of
the front-end electronics has been performed by using the custom and open-source software called
TFBoost [13, 21], capable of carrying out precise and very fast simulations of the entire read-out
chain of 3D sensors [9].
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3.1 Fast trans-impedance amplifier transfer function

The model of the ideal integrator is useful to understand what happens when the electronics has a
rise-time of the same order of magnitude as the current pulse. A more realistic electronics response
can be modelled as a second-order trans-impedance amplifier (TIA), with DC trans-impedance R,;,,.
The linear system composed of sensor and electronics is characterized by a finite bandwidth and a
time constant 7. The transfer function can be written as

R,

Rm(S) = m

(3.1

The output signals with this type of fast electronics, when the time constant 7 is of the same order
of magnitude as the average current pulse duration, can be obtained with TFBoost by making
the convolution between the transfer function in eq. (3.1) and the boxed currents of the ideal 3D
sensor previously discussed (figure 2). Within TFBoost the transfer function is described by using a
small signal model, whose parameters are chosen in order to have T = 160 ps and R,,,, = 2.3k,
representing a realistic front-end electronics as described in [20].
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sof ] Sl )
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60 ] 10 |~ n
r ] 8 b
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Figure 13. CCT distribution of the current used for the simulations with TFBoost (left). Boxed current of the
ideal 3D detector (right).

The parameters to obtain the transient currents (figure 13(b)) used for the simulations are chosen
in order to represent a realistic 3D-trench silicon sensor: electrode distance d = 20 pm, uniform
electric field, both carriers in the condition of saturated drift velocity with v, = 0.107 pm/ps and
vy = 0.0837 pm/ps. The corresponding CCT distribution is shown in figure 13(a). Using eq. (2.39)
we find the standard deviation of the CCT distribution equal to oy, = 35.4 ps, in agreement with
the value found in the simulation, and an average current duration of 7. ~ 160 ps. Since the ratio
between the saturation velocities is equal to k = (.78, looking at figure 10 we can estimate the time
resolution obtainable with slow electronics simply by considering half of o;_, i.e. ~ 17.7 ps. With
fast electronics the time resolution will depend on the chosen discrimination method and threshold
used, thus a scan in the 8 value can be studied by applying a constant fraction discrimination to the
simulated output signals. The corresponding propagation coefficient is shown in figure 14(a).
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Figure 14. a) Comparison of the propagation coefficient relative to the ideal integrator with that obtained
with fast TIA electronics. b) Ballistic deficit on the output signals with the fast TIA when T = 7.

As can be seen from figure 14(b), the output signals with fast electronics are characterized
by different shapes, since they reflect the different transient current shapes at electronics input. In
contrast, in the case of slow electronics the output signal shapes are all equal, being the impulsive
response of the electronics. Figure 14(b) shows the output signals obtained with the convolution of
the transfer function in eq. (3.1) with the input currents. Having chosen the time constant T equal
to the average current duration .., for some signals the input charge is not completely integrated,
which leads to the well-known phenomenon of ballistic deficit. From the different rise-time values
of the signals in figure 14(b) it is clear that the dispersion of the TOA is maximum when using
higher thresholds while it tends to zero as the threshold approaches the signal baseline. Considering
a threshold 8 = 0.2 we obtain a propagation coefficient & ~ 0.2 and consequently an intrinsic
temporal resolution of o, = P(B)oy. ~ Tps.

The real threshold that can be used will obviously depend on the amount of noise present in the
system. This will affect both the intrinsic resolution obtainable and another fundamental contribution
to the temporal resolution of the system which is given by the electronic jitter o7 ;, which will be
discussed in section 3.4.

3.2 Intrinsic asymmetry and synchronous region

The output signals obtained with the fast TIA have been discriminated with a CFD at different
thresholds by using the TFBoost package. The TOA distribution map in the case of two examples,
with 8 = 0.35 and 0.8, are shown in figure 15, where it is possible to see how the synchronous region
is wider at a lower threshold, covering almost half of the whole area of the sensor, while it is tighter
when the higher threshold is used. Moreover, in the case of 5 = 0.8, the TOA distribution is shifted
towards higher time values, as shown clearly in figure 16.

This result is compatible with the analytical results obtained in the case of the ideal integrator
model, shown in figure 8. However, an interesting difference to note concerns the shape of the
synchronous peak, which is not perfectly sharp as in the case of the ideal integrator, but has a

— 16—



x107°
@ E
= 0.11 =
=18 55 021 §
0.11 F
0.105

= e
o N

0.095

0.085

O N B O
O N b O

5 10 15 20 5 10 15 20
X [um] X [pum]

Figure 15. TOA as a function of the impact point in the sensor, obtained by using CFD with 8 = 0.35 (left)
and S = 0.8 (right).
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Figure 16. Intrinsic TOA distribution obtained by using CFD with 8 = 0.35 (blue) and 8 = 0.8 (black).

smoother behaviour for increasing time values, as shown in figure 16 where a log scale for the vertical
axis is used to emphasize this effect. Being the transition between the two components smoother,
also the edge of the synchronous region is no longer abrupt, as can be seen also in figure 17, where
the TOA as a function of the particle impact point along the X axis is shown.

It is important to point out that also with realistic electronics, such as the fast TIA, we find the
asymmetry introduced in section 2.4 (see figure 16). Since we are using transient currents from
a simple 3D sensor model, where only the 3D geometry is simulated, the asymmetry of the TOA
distribution is due to the intrinsic 3D geometrical properties only, and not due to higher-order effects.

3.3 Mixture of comprehensive TOA distributions

In the presence of electronics noise the intrinsic TOA distribution of the ideal integrator will be
distorted and enlarged (figure 18). From a mathematical point of view the intrinsic TOA PDF, p(t),
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Figure 18. Effect of the electronic jitter on the TOA distribution of the ideal integrator.

is convoluted with the jitter PDF, J(¢) with standard deviation o ;, leading to the final PDF,
P(t) =p(t)  J(1). (3.2)
Recalling the mixture distribution in eq. (2.24) we get

Hﬂ:ahﬂﬂ@ﬂﬂ+ﬁhﬂﬂ®ﬂﬂ. (3.3)

In order to simplify the notation we indicate the two convoluted PDFs for the synchronous and not
synchronous regions as P, (t) and Pg(t) respectively, and their standard deviation as X, and Xg
respectively. Being the contributions from the two PDFs uncorrelated, the standard deviation can be

2 2 2 _ 2
+o-ejand2ﬁ—o-

summed up in quadrature so that X2 = o2 E

+ O'ezj. The total time resolution of
the mixture will be then given by

o = (T +po) + B(EG + up) — i1, (3.4)
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where we made the assumption that the J(¢) has its mean u; = 0 so that y,, pg and y are the same
mean values in eq. (2.25). An example of the final PDF P(r) is shown in figure 19.

dN dN
dTOA dTOA

AV SN N

min max min max
ts ts tS ts

Figure 19. PDF P(t) as a mixture of the distributions P, (¢) and Pg(?).

Since the PDF p,(¢) has o, = 0, we find that the TOA distribution of the ideal integrator has
the important characteristic that the synchronous peak relative to the fraction of events «, in the
presence of electronic jitter, represents the distribution of the jitter itself, being the convolution of
J(t) PDF and the synchronous delta-function. However, in the case of fast TIA we found that the
synchronous peak, indicated here by p (), is no more a delta-function, as shown in figure 16. Thus,
for a real fast TIA the peak function P, receives contributions from both the jitter and the intrinsic
sensor distribution.

The P(r) function is able to describe experimental data in the case of TOA measurements with
3D-trench sensors and realistic electronics, so it is important to study its analytical properties in order
to fit the data accurately. For this purpose, the shape of J(¢) plays a crucial role. If the voltage signal
shapes and amplitude do not vary significantly event-by-event and if the voltage noise is Gaussian, the
electronics jitter J(¢) is itself Gaussian, with a standard deviation o ; that depends on the output noise
RMS, o, of the amplification stage and on the slope Vi
threshold: o.; = ov/V} . The function J(¢) starts to deviate from a Gaussian function if one of
the mentioned hypotheses is not true. In particular, as we observed in figure 14 (right), fast front-end

of the signal at the chosen discrimination

electronics can be sensitive to the different transient current shapes and be affected by the ballistic
deficit. Each different shapes contribute to the jitter function with a different V;; , thus the final J(7)
is no more exactly Gaussian. Another example is when we are in the presence of Landau fluctuations.
The signals are characterized by a wide range of amplitudes and, consequently, by a wide range
of different slopes V,; .. In order to study these effects we performed simulations with the TFBoost
package where we emulate realistic noise samples starting from experimental measurements [9]
(in particular we used a Gaussian red noise with 0.985 correlation), and we introduced Landau
fluctuations considering the toy model 150 pm thick 3D sensor figure 20 (left).

The corresponding J(¢) distribution is obtained by calculating the event-by-event difference
of TOA values, measured with and without noise, and it is shown in figure 20 (right), where the
deviation from Gaussianity is evident. In this example the TOA are evaluated with a CFD with
B = 0.35, and the threshold is kept fixed between the measurements with and without noise. The J(¢)
can be modelled as a mixture of Gaussian PDFs with different standard deviation o ;, corresponding
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with and without noise (event-by-event) in the simulation. The solid line represent a fit using the mixture of
two Gaussians while the dashed line is the result of a fit with a single Gaussian function.
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Figure 21. TOA distributions of voltage signals using the fast electronics, 8 = 0.35 and SNR ~ 20. The blue
PDF is the mixture of the two Gaussians used to model the synchronous peak, while the black PDF is a single
Gaussian to model the not synchronous contribution.

to the different slopes V. From a pure experimental point of view, it is interesting to investigate how
many Gaussian functions are needed within the mixture model to fit realistic data distributions with
acceptable accuracy. By using one single Gaussian the systematic uncertainty on the o ; evaluation
is up to ~ 10%, while by using two Gaussians it becomes ~ 2% and it is sufficient to properly model
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the jitter behaviour, as shown in figure 20 (right). The comprehensive distribution, as described
in eq. (3.3), is shown in figure 21, where the intrinsic asymmetry and effect of the electronic jitter
J(t) on the shape of the final PDF can be seen. Given the nature of the two original distributions
(synchronous and not synchronous) the proper model to fit the P(¢) has to be a mixture of PDFs.
From a pure experimental point of view it is essential to find a simple mixture model. The one
shown in figure 21 is composed of three Gaussians, two of them with the same mean to describe
the synchronous peak (which we expect is mainly given by the electronic jitter of the system J(¢), as
discussed previously), while the third is used to model the not synchronous contribution. The standard
deviation of the overall mixture model is consistent with the true standard deviation of the distribution.

3.4 Noise contribution to the symmetry of TOA distribution

In the previous section 3.3, we have discussed how the jitter distribution J(¢) can modify the shape
of the final TOA distribution. This effect can be more or less significant depending on the SNR or,
equivalently, on the relative value of the standard deviations o, and o ; of the two distributions,
p(t) and J (1), respectively.
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Figure 22. Intrinsic TOA distributions for different SNR: SNR = oo (top left), SNR = 40 (top right),
SNR = 20 (bottom left), SNR = 10 (bottom right).

Figure 22 shows the TOA distribution for different SNR values. In the limit of infinite SNR
there is no jitter, and we find the intrinsic distribution of the sensor already seen in figure 16, while
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for lower SNR, the TOA distribution becomes more and more symmetrical. Depending on the
amount of jitter present, the mixture model for the final distribution must be adapted to the specific
case. For example, looking at figure 22, for SNR lower than 20, a mixture model with two Gaussian
functions is accurate enough to properly describe the final distribution, and allows to estimate the
time resolution with an accuracy of order O (1%).

Since the intrinsic asymmetry is a peculiar feature of 3D sensors, it is important to point out that
the asymmetry of the comprehensive distribution, which has been brought out with this simple 3D sen-
sor model, experimentally cannot be ignored just by taking into account the resolution of the peaking
structure, because this can lead to a severe underestimation of the time resolution o;. Other aspects
that affect the duration of induction of the carriers, such as weighting field non-uniformity, will further
modify the TOA distribution, whose shape will be however characterised by intrinsic asymmetry.

4 Conclusions

In this work the intrinsic timing properties of a single-pixel 3D-trench sensor have been discussed
in the case of fast front-end electronics. In order to perform the study, the transient currents have
been obtained analytically by using a simple ideal model to take into account the 3D geometry of
the trench structure. The first result is that we can analytically relate the time resolution, i.e. the
standard deviation of TOA distribution, oy, and the CCT standard deviation o;_ through the timing
propagation coefficient 9, using an ideal integrator as fast electronics. In this case, the propagation
coeflicient & depends on the discrimination threshold, in contrast to the slow electronics case.
Moreover, we found that the TOA distribution of the single-pixel 3D-trench sensor is composed of
two contributions: a synchronous component ideally with o; = 0, corresponding to all the events
given by the particles passing through the synchronous region of the pixel active volume, and a
non-synchronous component. This property leads to a strong asymmetry of the TOA distribution
even considering non-ideal front-end electronics such as fast TIA. This intrinsic asymmetry is clearly
mitigated by the presence of noise, but for SNR > 10 it remains visible in the final TOA distribution,
as already observed in accurate simulations and experimental results [9, 15]. We remark that the
presence of the synchronous region and the corresponding TOA intrinsic asymmetry arises from
the 3D-trench geometry only and it represents a fundamental feature of these sensors. Furthermore
we proposed, as an experimental procedure, the usage of a probabilistic mixture model in order to
properly describe the TOA contributions and determine correctly the final time resolution. The usage
of different models, in particular the ones neglecting the asymmetric right tail of the distribution,
could lead to a wrong estimation of the time resolution.
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