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Figure 3.22: Schematic diagram of the readout circuit of a 2-tap 1D-pixel array.
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Figure 3.23: Layout view of the 2 different studied pixel designs: (a) with and (b) without a
charge draining diffusion associated to the LGs (pixels “D” and “ND”, respectively).
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Figure 3.24: Timing diagram for the estimation of charge orientation efficiency.

measurement is to monitor the charge sharing between output; and outpute as a function of
Vg, giving an estimate of the charge orientation efficiency that can be obtained in a LEFM
device.

Fig. 3.25, shows the normalized output signal measured for different PPD widths for a
pixel of type 'ND* as a function of Vg1 and V1,qo. As expected, charge orientation efficiency
improves as Vg1 is increased and a larger potential modulation is observed for narrow PPD
widths (as the maximum AVpy, is larger). In particular, for Wppp = 0.5 pm, a very good
orientation efficiency (up to 90% ) can be obtained for a LG biasing voltage of about 2 V.

Figure 3.26 shows a comparison between the normalized output signal measured for dif-
ferent PPD widths as a function of V1,1 for a pixels of type “ND” and of type “D” (with LGy
biased in accumulation mode). As it can be observed, increasing too much Vi,g; results in
a sudden drop of the orientation efficiency. This behavior can be explained by the fact that
increasing V1,q1 results in a decrease of the barrier at the PPD-LG interface. For the “D”
pixels, as soon as this barrier becomes low enough, the excess PPD charge is overflows toward
the draining diffusion. The LG biasing potential V1,gmax at which the measured charge drops,
corresponds to the maximum “useful” biasing voltage that can be applied to the device with-
out loosing signal charge. The same considerations can be applied to “ND” pixels, however, as
electrons are already accumulated under the LG (since Vi, is biased in DC), the lowering of
the barrier height does not lead to a visible draining of carriers. * As long as Vi, < ViGmax,
the presence (or not) of the draining diffusion does not affect the charge orientation efficiency.

As can be observed in the figure, Vi,amax increases as the PPD width is increased. This

1 As a consequence, to have a good estimation of Vigmax, it is better to perform this characterization on
“ND” pixels.
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Figure 3.25: Normalized output signal measured for different PPD widths for a pixel of type
“ND?” as a function of V1,g1 and Vi,qo.

behavior can be explained by the fact that the potential barrier seen by the electrons depends
on the PPD potential. In particular, the smaller V;,gmax measured in narrow PPDs is due
to the smaller pinning voltage. Note also that as Vigmax depends on the PPD potential
(and therefore on the signal level), the higher the amount of integrated charge, the smaller
VL.cmax and thus the lower the orientation efficiency. Note that these measurements have been
performed at low charge levels. If the signal is increased, VLamax is expected to decrease.

Charge transfer efficiency

The second experimental validation of the LEFM consisted in measuring the effect of
Vi.c on the CTI. For this purpose, data has been acquired with the timing diagram in Fig.
3.27. Before the light pulse, both FDs are reset ,the reference is sampled on output; and the
PPD is emptied by pulsing TGso for about 5 us. Photo-charges are generated by pulsing the
LED on, then TG is activated to transfer the collected carriers to FD;. The transfer time
(which corresponds to the TG pulse width here) is varied from 10 ns to 1 us. Vigo = —0.4V
during the whole acquisition. Figure 3.28 and Fig. 3.29 show the CTI measured for different
PPD widths on pixels of type “D” and “ND”, respectively. As expected, the larger CTI
improvement with Vi,g corresponds to the smaller PPD width (for both pixel types). In
particular, the CTI improves of about a factor 1.5 for Wppp = 1 pm, whereas almost no
enhancement is observed for Wppp = 4 pum. It can also be observed that the CTI measured
for Wppp = 1 um is better than the one for Wppp = 0.5 um. A possible explanation for
this result could be a higher potential barrier at the PPD-TG interface for the 0.5um PPD
(which is below the minimum PPD width recommended for this technology) due to a narrow
transfer channel.
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Figure 3.26: Comparison between the normalized output signal measured for different PPD
widths as a function of Vi,q1 for a pixels of type “ND” and of type “D”.
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Figure 3.27: Timing diagram for the estimation of charge transfer efficiency.
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Figure 3.28: CTI measured for different PPD widths on pixels of type “ND”.
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Figure 3.29: CTI measured for different PPD widths on pixels of type “D”.
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3.6 Conclusions

This chapter focused on the definition, modeling and estimation of V,;,. Two different physical
definitions of Vji, are used in the CIS community: A®p,.x and AEgmax between equilibrium
and full depletion conditions. A®,.x corresponds to the PPD potential floor, whereas it
has been shown that AFEpmax, which is the PPD channel potential at which the PPD is
empty, also corresponds to the minimum TG channel potential ¢ that must be applied
to extract all charges from the PPD. In this study, Vi, has been defined as A®py. A
simple 1D temperature model of the pinning voltage has also been proposed and validated
with experimental measurements. In particular it has been shown that Vi, increases as the
temperature is increased. As it will be discussed in chapter 4, these results are fundamental
to model FWC variations with temperature.

Vpin is measured both with in-pixel measurements and electrical measurements performed
on isolated test-structures (or test-structures arrays). The pros and cons of the different
methods addressed in this work are summarized in table 3.1. It has been shown that the
floating source method and the rectangle method are not suitable for the estimation of the
absolute value of Vi, as arbitrary values can be extracted depending on the experimental
conditions. They however allow to observe Vi, relative variations (for example as a function
of the PPD width). The absolute value of Vpi, can be extracted from PPD-JFET structures
with the square root method, however this technique should not be used on short devices
as measurements can be affected by DIBL phenomena. The pinning voltage can also be
estimated from the Ing(Vsq) characteristic of PPD-JFETS (current method), however it has
been shown that Vi, should not be retrieved as the Vsq potential corresponding to a “zero”
current condition (or to a percentage of the initial current), but as the Vgg potential at which
the characteristic enters the logarithmic region. Reliable values of V,i, can finally be extracted
with the in-pixel method, on the condition that the timing diagram and the biasing voltages
are chosen respecting the recommendations in [Goi+14b].

Test structure methods have the advantage of being based on simple I-V or C-V mea-
surements, that can be performed by wafer probe. They also allow to easily monitor the
effect of process variations and to test many different PPD widths. However, because of the
presence of n+ implants on both sides of the PPD channel, JFET measurements do not allow
to observe Vi, variations with Lppp. On the other hand, the in-pixel approach gives an
estimate of Vj, in a real in-pixel environment (therefore enables observation of the effect of
both the PPD width and PPD length) and allows to monitor within the same acquisition,
other PPD CIS parameters, such as AFEppax, the Equilibrium Full Well Capacity (EFWC)
and the TG channel potential [Goi+14b]. For these reasons the two approaches should be
considered complementary.

This chapter also discussed two potential modulation methods that can be implemented
in PPD CIS to enhance the charge transfer speed. The geometrical modulation is a static
modulation method, which consists in shrinking the minimum PPD size to reduce the PPD
pinning potential by means of lateral enhanced vertical depletion. Note that during the design
of a high temporal resolution detector, one should take a particular care while estimating the
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effect of the PPD shape on charge transfer efficiency. For example a triangular PPD will
enhance charge transfer speed even if the PPD dimensions are too small to induce a drift
field, as on average, charges will tend to stay in the region where the charge density is lower,
i.e. closer to the TG. As a result, wrong conclusions can be drawn from standard CTE
measurements. A possible approach to only measure the effect of the electric field is to add
a storage gate to the pixel (as suggested in chapter 2), which allows to release the packet
of charge at the end of the PPD, whichever the PPD shape. This chapter also presented
experimental results on 2-tap lateral electric field modulation (LEFM) pixels designed in a
commercially available 0.18 pum technology. It has been shown both by means of TCAD
simulations and experimental measurements that LEFM is effective only in narrow PPDs
(ideally below 1 pum for the tested technology), as the PPD potential can only be modulated
between the geometrically modulated pinning voltage and the pinning voltage corresponding
to a zero geometrical modulation (referred here as intrinsic pinning voltage). A good charge
orientation efficiency (up to 90%) has been obtained for 1 um and 2 ym PPD pixels, however
the improvement in term of CTI is not very large (less than a factor 2), due to the small
maximum electric field that can be generated in the PPD with this method on the tested
technology!®. Since the implementation of a LEFM pixel involves significant geometrical
constraints (and a large reduction of the fill factor, if the pixel includes lateral draining
diffusions) and an increase in the dark current due to the lateral gates that are not biased
in accumulation mode [MSTO08], this modulation method is of interest with respect to static
solutions only for applications which require a dynamic orientation of carriers. These first
experimental results have been obtained on a small 1D array, which presented large CVF and
FWC differences between pixel variations. To further investigate LEFM with better statistics,
new measurements should be performed on a larger and more uniform pixel array.

5Better results could probably be obtained on a different technology with a larger intrinsic pinning voltage.
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3.7 Summary of pro and cons of pinning voltage estimation

methods

Method

Pros

Cons

In-pixel method

Real in-pixel environment

Allows to observe Vi, varia-
tions with both Lppp and Wppp

Meas. of other parameters
(AEfmax, EFWC, TG channel
potential)

Few pixel variations can be im-
plemented on large arrays

SQRT method
(JFET)

Simple I-V measurement

Possibility to test many pixel
variations

Sqrt characteristic is linear (not
ambiguous linear fit)

Allows to observe Vi, varia-
tions with Wppp

Lppp must not be too short to
avoid DIBL effects

Does not reproduce a real in-
pixel environment

Does not allow to observe Vi
variations with Lppp

Current method
(JFET)

Simple I-V measurement

Possibility to test many pixel
variations

Allows to observe Vp, relative
variations with Wppp

Not based on the solution of
JFET equations

Does not provide the absolute
value of Vi,

I-V characteristic is not linear
(not possible to perform a lin-

3

ear fit to determine the “zero”

current point).

Does not allow to observe Vi
variations with Lppp
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Floating source
method (JFET)

Simple V-V measurement

Possibility to test many pixel
variations

Allows to observe Vi, relative
variations with Wppp

Not based on the solution of
JFET equations

e Arbitrary Vi depending on the

output current value

e Does not allow to observe Vi,

variations with Lppp

Rectangle
method (JFET)

Simple V-V measurement

Possibility to test many pixel
variations

Allows to observe Vi, relative
variations with Wppp

Not based on the solution of
JFET equations

Arbitrary Vpin depending on the
output current value

Additional incertitude due to
the effect of the TG

Does not allow to observe Vpin
variations with Lppp

C-v

measurements

Simple C-V measurement

e Allows to observe Vi, relative

variations with both Lppp and
Wppp

Arbitrary Vpin depending on
the minimum measurable ca-
pacitance

e Required large test-structures

arrays

Table 3.1: Table summarizing the pros&cons of the pinning voltage estimation methods
studied in this work.
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CHAPTER 4

Static and Dynamic behavior of the
Full Well Capacity

As discussed in the previous chapters, PPD pixels are based on a transfer of charge from the
PPD well toward the readout node (the FD). Because of the finite nature of the PPD well, the
maximum signal charge is limited by the maximum amount of charge that can be stored on
the PPD capacitance Cppp, often referred to as Full Well Capacity (FWC). As discussed in
appendix B, in PPD CIS the maximum measurable output charge can either be limited by the
saturation of the readout electronics (including the ADC), or by the PPD FWC, depending
on Cppp, on the charge to voltage conversion factor (CVF) and on the output saturation
voltage Voutsat- In particular, the maximum output charge is usually limited by the PPD
FWC when FWC < g{;}; (or when a positive V,orq biasing voltage is applied)!. Prior to
this work, in public litterature the PPD FWC was usually considered as a fixed value, and
only few works were published on the dependence of the saturation signal with the operation
conditions and with the signal level[PKWO05]; [Mey13].

In this work, we propose to express the FWC as:

1 Vpin
FWC = */ CpprD (VPPD) dVepp (4.1)
q JVoc

with ¢ the elementary charge. Vi, is the pinning voltage (discussed in chapter 3), which is
reached after the reset of the photodiode, i.e. after the charge transfer phase in standard PPD

CIS operation for a no image lag detector 2

. At full well, no more charge can be collected
by the PPD and the total current across the photodiode is zero (open circuit condition),
therefore, the parameter Voo in Eq. 4.1 (referred here as open-circuit voltage) corresponds to
the minimum PPD potential. Whereas Vi, only depends on the working temperature 7" and
on technological and geometrical parameters (refer to chapter 3), as discussed in this chapter,
Voc varies significantly with 7', but also depending on other experimental conditions, such
as the photon flux (i.e. the signal level) and the TG biasing conditions. Not taking into
account these effect can lead to unwanted and unpredictable variations of the dynamic range
of the detector (for example if the external conditions change radically during the life-time

of the detector, as in space applications). These effects are even more critical in high end

!'Note that the physical phenomena described in this chapter are valid for both saturation mechanisms, but
they can be observed in their full extent only if the output signal is limited by the PPD FWC.

2If the image sensor presents a non-negligible image lag, the PPD never reaches full depletion, leading to
an under-estimation of the FWC and Vpin.
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applications where pulsed light signals are involved (such as LIDAR applications), as the
FWC can be highly time dependent.

This chapter presents a study on the modeling of the FWC at equilibrium and how its
value can be affected by temperature, light flux and the TG biasing conditions. Based on these
initial results, a model of the dynamic behavior of the FWC in response to a change in the
illumination conditions (such as in pulsed-light applications) is presented. Unless specified,
data have been acquired on a detector designed at ISAE, whose details can be found in table
3.12c (page 71).

4.1 Equilibrium Full Well Capacity

4.1.1 Definition and modeling

After the reset of the photodiode, assuming zero charge lag, the PPD is empty and the
PPD potential is equal to the Vpi,. If the PPD is reset and left in the dark with the TG
accumulated (Vrg = Voorg < 0), the PPD capacitance is discharged only by the dark current
(ITor = Ijunc, With IToT the current flowing in the PPD capacitance), until the p-n junction
reaches a equilibrium condition (/junc = 0). The saturation charge obtained in dark conditions
and neglecting the TG leakage current is referred to as the Equilibrium Full Well Capacity
(EFWC). The open circuit voltage Voo corresponding to the EFWC can be obtained by
solving;:

_Yoc
Itor = Lsat (6 "th — 1) =0 (4.2)

with n the diode non-ideality factor (1 < n < 2), vy, = '%T the thermal voltage and I, the
saturation current [TN09]. As in standard p-n junctions, the equilibrium condition expressed
in (4.2) holds for Voc = 0. The EFWC can be calculated with (4.1) as:

1 Vpin(T)

EFWC(T) = q/o Crpp(Vepp) dVppp (4.3)
In practice, in nominal PPD CIS operating conditions, the EFWC cannot be reached and the
FWC measured in the dark with TG accumulated (FWCq,,x) corresponds to a saturation
charge which is always slightly lower than the EFWC. This difference is attributed to the fact
that the TG will always have a small leakage current (sub-threshold current), whatever the
TG biasing voltage during integration. To simplify the development of the model, the small
difference between EFWC and FWCg,,x is neglected. Charge partition phenomena during
the transitions of the TG signal [TM86] (which can result in an artificial variation of the
FWC) have also been neglected in this study.

94



4.1. Equilibrium Full Well Capacity

4.1.2 Measurement of the EFWC
Three different approaches can be used to measure the EFWC.

A. The first approach consists in measuring the output voltage in the dark, with TG
accumulated, at increasing integration times. Since at room temperature the dark
current in a PPD is less than 1 e~ /s/um?[Rho+11], long integration times (up to ten
thousands of seconds per frame) can be necessary to reach the EFWC. This measurement
can be extremely time consuming if one wishes to evaluate the EFWC in different
experimental conditions (in particular at low working temperatures). Note also that
if the PPD-array presents “hot pixels” or if the PPD array is divided into sub-arrays
which present substantially different dark current values, dark blooming phenomena
[Bel+15] might affect the transfer function.

B. As discussed in section 4.1.1, the EFWC corresponds to the charge at which the PPD
potential is zero (Voc = 0). This equilibrium condition can be reached by means of an
electrical charge injection such as the one described in section 3.3.2 for the measurement
of Vpin. In particular, the EFWC can be estimated as the output charge corresponding
to Vinj = 0. The main source of uncertainty with this method is the amount of extra
charge injected into the PPD because of charge partition phenomena.

C. A third method for measuring the EFWC consists in filling the PPD well by means of
a light pulse and measuring the output charge once the PPD has reached equilibrium.
As it will be discussed in section 4.5, one must wait several tens of s to ensure that the
equilibrium condition is reached, thus the time gain with respect to method A is not as
high as one would expect.

To simplify analytical developments, it can be assumed that the PPD capacitance remains
constant during charge integration. Under this hypothesis, the FWC can be expressed as:

1
FWC = EFWC - VocCrrp. (4.4)

Note that this is a simplification, which is suitable only to roughly represent the effect of
different parameters on the FWC. However Cppp variations must be taken into account when
fitting experimental results.

4.1.3 EFWC temperature behavior

Figure 4.2a shows experimental EFWC values as a function of temperature (where the EFWC
has been measured with method A, with Viorg = —0.4 V). As can be observed EFWC
increases almost linearly with 7. A Schematic drawing of the PPD I-V characteristic in the
dark as function of the PPD voltage Vppp for two different temperatures 75 > T'1 is shown
in Fig. 4.2b. The figure also shows the corresponding PPD stored charge Qppp. Since in the
dark the PPD is never forward biased, the saturation potential is the same at all working
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Figure 4.1: Schematic principle of the different methods for the estimation of the EFWC.

temperatures (Voc = 0 V) and Vi, increases with temperature (refer to chapter chapter 3),
a higher EFWC is expected for T' = T5 (the increase in Vi, is represented as a left shift of
the Qppp axis origin Qppp = 0). As can be observed, this EFWC model reproduces well the
experimental behavior.

4.2 Effect of the photon flux on the Full Well Capacity

If the PPD is exposed to a photon flux ®, with the TG in accumulation mode (Vo1 < 0),
the open circuit condition can be expressed as:

_Yoc
Lsat (6 "th — 1) = ph(q)) (45)

with I,h(®) = QF x ® the photo-current. The corresponding open circuit voltage can be
calculated as: I (®
Voo = —nugnln (1 + ph()> (4.6)

sat

By combining (4.4) and (4.6), the FWC can finally be expressed as

FWC(®, T) = EFWC(T) + » Coppnugln [1 + Iph@)} (4.7)
q Isat (T)

As shown in (4.6), under illumination, the open circuit voltage is negative (Voo < 0), which
means that FWC>EFWC and that the PPD is forward biased at full-well, resulting in bloom-
ing phenomena. As shown by Eq. (4.7) and by the experimental measurements in Fig. 4.3a,
the FWC is a logarithmic function of the photon flux [Ben+13]. This phenomenon is schema-
tized in Fig. 4.3b, where the sum of the dark current and the photo-current is plotted for two
different photon fluxes (solid and dashed red curves, respectively). As Vi, is constant and
Voc decreases (becomes more negative) with ®, the FWC increases with the photon flux.
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Figure 4.2: (a) Measured EFWC as a function of temperature. (b) Schematic of the PPD I-V
characteristic in the dark as function of the PPD voltage Vppp for two different temperatures
T5 > T'1. For the purpose of clarity, schematics are not to scale.
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Figure 4.3: (a) Electro-optical transfer function measured for different photon fluxes (and
different integration times). The dashed line corresponds to the FWC, which increases log-
arithmically with the photon flux. (b) Schematic of the PPD I-V characteristic in the dark
and under two different illumination levels. For clarity purposes, schematics are not to scale.
The FWC curve has been measured on the PPD CIS pixel-array designed at ISAE detailed

in table (c).
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4.3 Temperature behavior of the FWC under stationary illu-
mination

Equation (4.7) indicates that the FWC under illumination is a strong function of temperature.
In particular, there are two different and opposite temperature effects, which are schematized
in Fig. 4.4b:

e On one hand, as the temperature is increased, there is an increase in the thermal voltage
vgh and in Vpin. These two contributions alone would lead to an increase in the FWC
with increasing working temperatures (as in dark conditions).

e On the other hand, there is an exponential increase in the saturation current Ig,, [TN09]
which results in a decrease in V¢ and in a net decrease in the FWC.

Figure 4.4a shows the FWC measured for 3 different photon fluxes ¢ as a function of
temperature, with TG in accumulation mode. The dashed line refers to the EFWC modeled
as in (4.3). The best fit has been obtained with the same parameters as in Fig. 4.2a. As
long as the ratio Ip};f) >> 1, the temperature dependence of Iy(T") is the dominant effect
and the FWC decreases with temperature. If the temperature is increased, the saturation
current becomes comparable to the photocurrent and eventually the FWC becomes equal to
the EFWC and starts to increase with temperature. These effects are schematized in Fig.
4.4b. As can be observed, the model reproduces well the behavior observed in experimental

data.

4.4 FWC variations as a function of temperature for different
TG biasing conditions

The biasing of the TG during integration (Viorg) can strongly differ depending on the
application requirements. In [MSTO0S8] it is shown that applying a negative Viorg (TG in
accumulation mode) avoids the extension of the PPD depletion region under the TG, strongly
reducing the dark current. This first biasing mode is thus recommended for low noise ap-
plications. On the other hand, a small positive Vi,org is often applied to implement an
anti-blooming function (as excess charges are drained toward the FD instead of being in-
jected into the substrate). As both modes of operation are used in commercial and scientific
applications, it is important to understand the effect of temperature and of the photon flux
in all biasing conditions.

Figure 4.5a shows a schematic drawing of the effect of V1,org on the PPD I-V characteristic
in the dark. In these operating conditions, two main current contributions must be taken into
account: the p-n junction current and the TG sub-threshold current Ig,;. Since full well is
reached for Ijunc = —Isup, the open circuit condition corresponds to the crossing of the two
curves. As shown in the figure, increasing Vi,orq results in an increase of I, and thus in a
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Figure 4.4: (a) Full well capacity as a function of temperature measured for 3 different photon
fluxes and for the TG in accumulation mode. (b) Schematic of the PPD I-V characteristic
under illumination as function of the PPD voltage Vppp for two different temperatures 7o >
T'1. For the purpose of clarity, schematics are not to scale.

100



4.4. FWC variations as a function of temperature for different TG biasing
conditions
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Figure 4.5: (a) Schematic of the effect of V,org on the PPD I-V characteristic in the dark
. For the purpose of clarity, the schematic is not to scale and —Ig,, is plotted instead of
Iy, Since full well is reached for Ijun. = —ZIsup, the open circuit condition corresponds to
the crossing of the two curves. For the purpose of clarity, schematics are not to scale. (b)
Measured and simulated FWC as a function of Vi,orq at different T in dark conditions. The
best fit has been obtained with the same parameters as in Fig. 4.2a.

101



Chapter 4. Static and Dynamic behavior of the Full Well Capacity

smaller FWC. This effect has been also addressed in [Mey13] and [SBT13]. In particular, in
the latter, the contribution of the TG sub-threshold current is taken into account by means of
a feedforward thermionic emission of charge across the potential barrier between the PPD and
the TG channel during charge integration (TG off). Figure 4.5b shows the FWC measured in
the dark plotted as a function of V;,org for three different measurement temperatures. Three
operating regions can be identified:

e For negative Vi ,org the FWC corresponds to the EFWC (region A).

e When Vi,org is increased, we observe a transition region (region B) in which the FWC
drops moderately with Viorg.

e For even higher Vi,orq, the FWC drops linearly with Vi,org (region C).

The “knee” voltage, indicated in Fig. 4.5b as V¢, corresponds roughly to the Vi ,org at which
the TG sub-threshold current (/gy,) [TNO9] is comparable to fjunc. Vace can also be seen as

the biasing voltage Viorc at which the TG exits the accumulation mode. FWC variations
Viorg—Voc—Vr
can be modeled by introducing in (4.2) the contribution of Iy = Ipge (™)

Viore—VYoc—Vr

Vrore—Voc—Vr _Yoc
Ipge ™M) + Tgat <1 —e ”“th) =0 (4.8)

where Ipg depends on TG geometrical and physical parameters, m is the TG sub-threshold
slope (m > 1) and V7t is the TG threshold voltage (considering body effect). The effect of
this sub-threshold current contribution can also explain the phenomena reported in [SBT13].

To highlight the effect of the different parameters, (4.8) can be expressed as a function of
Voc. In particular, as schematized in Fig. 4.5:

e In region A (Viorg < Vace) Isub is negligible with respect to Ijunc, thus:
Voo, ~ 0 (4.9)

e In region C (VLorg > Vace) Isub >> Isat, thus:

ISa.
Voce = Viora = Vi = nealn (72 (4.10)
DO

where to simplify the expression it is assumed that n,m = 13. Combining (4.9) and (4.10)
with (4.4) gives, respectively:
FWC,(T) = EFWC(T) (4.11)

FWC_(T) = EFWC(T) — ;CPPD (Vora — Vo (T)) (4.12)

3This simplification is not used in the fitting model, where m is calculated as m = 1+ Ci A/ % [TN09]
and n is set to 1.75.
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4.5. Dynamic behavior of the Full Well Capacity

where the ratio %‘"‘g << 1 has been neglected. Note that, in region C, the PPD can be reversed
biased (Voc > 0).

In (4.12) only two parameters can vary with temperature: Vi, and Vp. As the increase
in the FWC with temperature shown in Fig. 4.6, is more or less constant at all TG biasing
conditions, Vr variations with T' can be neglected here.

The reasoning in dark conditions can be extended to illumination conditions by adding
a constant photocurrent to (4.8). Figure 4.6 shows the FWC measured for two different
photon fluxes and two different temperatures as a function of Vi,ora. If Vorg < Vace, the
FWC is the same as in (4.7), whereas when Viorg > Vace, the FWC drops linearly with
VLora. As expected from the previous sections, the FWC increases with ® and decreases
with 7. It can also be observed that, as the temperature is increased from 7' = 343 K to
T = 363 K, the FWC decreases more in region A (AFWC, = 2000 e™) than in region C
(AFWCc = 1200 7). This can be explained by the fact that the temperature dependence
of Iyt and Ipg is not the same (in particular, for the biasing conditions in Fig. 4.6, Iy is a
stronger function of temperature than Ipg).
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Figure 4.6: Full well capacity measured at 7' = 343 K for two photon fluxes (Prow =
3 x 10" ph/s/cm? and ®pigg = 1.4 x 10" ph/s/cm?) and at T' = 363 K for ®yign, as a
function of Vi,org.-

4.5 Dynamic behavior of the Full Well Capacity

In the previous sections it has been assumed that, at full well, the PPD is at equilibrium
(case of EFWC) or in a pseudo equilibrium state where photo-generation within the SCR is
compensated by charge diffusion toward the p-doped surrounding regions (/junc) and even-
tually by the leakage of the TG (Izy,). However, if the operating conditions are suddenly
changed, the time necessary to reach a new pseudo-equilibrium state can be much larger than
the time between two acquisitions. This can lead to measurement uncertainty or to a wrong
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Chapter 4. Static and Dynamic behavior of the Full Well Capacity

interpretation of experimental results. In this section, a new analytical model to describe the
dynamic behavior of the FWC in non-stationary light conditions is presented and validated
with the support of experimental data.

Let us consider the response in terms of FWC to a light step at the instant ¢t = ¢ty between
two illumination levels (from ®; to ®2). It is assumed that, before the step, the PPD is at
pseudo-equilibrium and forward biased, with Voc as in Eq. 4.6 and Tjunc + Isub + Ipn(®1) = 0.
At t =t{, the photo-current suddenly varies from I, (®1) to Ipn(®2) and the PPD reaches a
new equilibrium condition. The time dependence of the amount of charge stored in the PPD
can be expressed as:

T = 2 nelt) + L) — n(22)] (1.13

In the following, to simplify the model as much as possible, Cppp variations with Vo are
neglected 4. Under this assumption, and if ®; = 0, Vo can be approximated to:

Vool(t) ~ Cq [EFWC — FWC(¢)] (4.14)

PPD
To simplify the analysis, Iy, (t) will also be neglected (for consistency, experimental data
have been obtained with Vi org = —0.5 V).

4.5.1 FWC behavior after a white-to-black light step

Let us consider a white-to-black light step (®1 > 0 and ®3 = 0), which corresponds to a PPD
charge drop from FWC(®1) to EFWC. Since at t = tg the photo-current becomes zero, ljunc
is the only current contributing to the charge of the capacitance. In forward bias conditions,

Ijunc can be expressed as the sum of two current contributions ljune = AppD (Jrec + Jaift)
[TNO9]:

: —qV,
Jree = L1 Wdep (e T 1> (4.15)
2’7’0
gD,n? [ -avoc
Jaig = N(;}/; (6 ET  — 1) (4.16)

where Jyec is the recombination current density within the SCR, with 7y the minority carrier
life-time and Wyep, the depleted depth and Jgig is the diffusion current density flowing from the
PPD toward the surrounding p-regions, with L,, and D,, the diffusion coefficient and diffusion
length, respectively. Figure 4.7 shows the J... and Jgif current densities as a function of V¢
simulated in Matlab. As can be observed, Jyig is the dominant current density contribution
at large forward bias and is responsible for the FWC drop following the light step. At lower
forward voltages, Jrec becomes the main current contribution and is responsible for the final
decay of the FWC toward the EFWC. The figure also shows that as Vpc tends to zero, the

4To take into account CPPD variations in forward biasing conditions, the reader can refer to section 2.2.6
in [TN09].
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Figure 4.7: Simulated diffusion and recombination currents densities as a function of Vpc.

current density drops of more than 5 orders of magnitude. This means that whereas a fast
drop in the PPD charge is expected during the first instants following the light step, the time
required to reach the EFWC regime can be very long.

The behavior of the FWC as function of time can be obtained from (4.14) as:

]_ Tint
Voc(t) = Voc(®1) + c /0 Appp Jjunc(t) dt (4.17)

PPD

To observe experimentally the dynamic evolution of the PPD FWC, a light step has been
applied by means of a LED placed 15 c¢m from the detector, which is operated in rolling shutter
mode. The pulse intensity is adjusted so that the Qppp >EFWC. The light is first turned
ON and 100 images are acquired to ensure that the device has reached pseudo-equilibrium,
then the LED is turned off. The sequence is repeated, sweeping the integration time from
34 ms (corresponding to the minimum integration time in this configuration) to 60 s. The
image acquired during a light step (LED from on to off) is shown in Fig. 4.8a. The top region
(lines 1 to 20) corresponds to the lines which have been read while the LED was still on.
In this region the FWC is equal to the FWC measured under steady illumination (pseudo-
equilibrium condition); in the bottom region (line 20 to 40), there is a quick drop in the stored
charge. The charge drop is due to the fact that charge transfer is performed for each line at
increasing delays from the light step (as the device is operated in rolling shutter mode).

Figure 4.8b shows the FWC as a function of the time delay between the light step and the
line acquisition. The time resolution is 135 us, which corresponds to the time between the ac-
quisition of two successive lines. As the time delay is increased, the FWC tends asymptotically
toward a FWC of about 21 ke- which is close to the EFWC that can be extrapolated at room
temperature in Fig. 4.2a. Therefore, as discussed in section 4.1, applying a light pulse can
be a useful technique to rapidly fill the PPD for the estimation of the EFWC. Note however
that an integration time of several tens of seconds must be used to avoid an overestimation of
the EFWC. Nevertheless, this method is of great interest at room temperature (and below),
where thermal generation can be well below 1 e~ /s/um and for which integration times of

105



Chapter 4. Static and Dynamic behavior of the Full Well Capacity

several tens of minutes (or hours) are necessary to fill the PPD only with thermally generated
charges.

Figure 4.9 shows Vo calculated as (4.14), plotted as a function of time (in logarithmic
scale)®. The figure also shows the slope of the curve as a function of time. As can be
observed the slope reaches a first plateau at —0.06 V/decade and then a second plateau
at —0.12 V/decade. As indicated in the figure, these two different time constants can be
associated to the two different regimes of Ijunc. As can be observed, the model is able to
reproduce the dynamic behavior of the FWC over 6 time delay decades. The small difference
at very short delays can be explained by a very fast increase in Cppp at high forward biasing
voltages (which is not taken into account in the model).
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Figure 4.8: (a) Image acquired while the light is turned from ON to OFF. A sudden drop
in the FWC can be observed after line 20, which corresponds to the last line to be readout
before the LED is turned off. (b) Measured mean output charge as a function of the time
delay between the light step and the line acquisition at T' = 300 K and V;,o7¢ = —0.5 V.

4.5.2 FWC behavior after a generic light step

The same reasoning can easily be extended to other light step conditions, by replacing
Tiune = ApppJjunc by the total current in the PPD. Figure 4.10 shows the simulated temporal
evolution of Vo¢ for different @1 and @, light levels. As can be observed, when ®o < ®1,
the PPD potential drop has more or less a similar behavior, whichever ®,, since for most
of the transient, the photocurrent Ipn(®2) is much smaller than Ijy,.. On the contrary, for
a positive illumination step (®1 < ®3), the photocurrent I,,(®2) is much larger than fjync,
which results at first in a linear increase of Voc (which is proportional to Ipn(®2)). As
Ijunc becomes of the same order as Ip,(®P2), the transitory becomes slower and slower until

5The best fit has been obtained for Cppp = 5.4 fF, which is between the maximum (7.5 fF) and minimum
(4 fF) PPD capacitance extracted in [Goi+14b] for the same pixel geometry at room temperature.
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Figure 4.9: Measured and simulated Vo as a function of the delay between the light step
and the line acquisition. Two regimes corresponding to two different time constants can be
identified by observing the slope of Voc(t). These regimes are attributed to the diffusion of
carriers from the PPD SCR to the surrounding p-regions and to charge recombination within
the SCR, respectively. (b) Simulated diffusion and recombination currents as a function of
Voc.

it reaches pseudo-equilibrium. As a general rule, if illumination steps are large enough, the
PPD charge transient corresponding to a negative light has a similar behavior, whichever the
final illumination level (as its temporal evolution only depends on Ijun. and Voc). On the
other hand, the PPD discharge depends significantly on ® and ®;. In particular for a given
®1, the initial PPD discharge transient is much faster as ® is increased.

4.6 Conclusion

The PPD FWC is usually given as a fixed parameter on data sheets and its value is often used
to compare different PPD designs. However, it has been shown that if the output signal is not
limited by the readout electronics, the FWC strongly depends on the experimental conditions.
In particular, as shown in Fig. 4.11, measured FWC can vary up to a factor 3 depending on
the signal level, on the working temperature and on Viorg. These important variations
can be explained by a simple current compensation reasoning, as the PPD will always tend
toward an equilibrium (or pseudo-equilibrium condition) at which the total current charging
(or discharging) the PPD capacitance becomes zero. The FWC model can also be applied
to more complex pixel structures (such as 5T APS) on the condition that the additional
current contributions (such as the sub-threshold current of the anti-blooming transistor) are
taken into account. It has also been shown that opposite FWC temperature behaviors are
observed in dark and illumination conditions, as both V,;, and the dark current depend on the
working temperature. In particular, the FWC increases with temperature in dark conditions
whereas it drops with temperature under illumination conditions. These results show that
FWC values are meaningless if the corresponding experimental conditions are not
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Figure 4.10: Mean sensor output signal plotted as a function of a normalized integration
time (with respect to the charge generation rate) measured for different operating conditions.
®; = 4 x 10'® ph/s/cm?, &3 = 2 x 10'* ph/s/cm?. Unless specified, all measurements have

been performed at T' = 333 K and Vi,orqc = —0.5 V. A.U. stands for Arbitrary Units.
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Figure 4.11: Mean sensor output signal plotted as a function of a normalized integration
time (with respect to the charge generation rate) measured for different operating conditions.
@1 = 4 x 10* ph/s/cm?, &3 = 2 x 10'* ph/s/cm?. Unless specified, all measurements have

been performed at T'= 333 K and Vi,orq = —0.5 V. A.U. stands for Arbitrary Units
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specified. Based on this study, it is suggested to provide two main figures of merit during
device characterization:

e The EFWC, which is the only parameter truly related to the PPD physical parameters
(such as Vpin).

e The minimum Vi ,orc = Vacc biasing voltage which allows implementation of an anti-
blooming function.

The dynamic behavior of the FWC has also been studied. In particular it has been
shown that the PPD potential does not change instantly when the signal is suddenly changed
and that the potential transient can last several tens of seconds before a new equilibrium is
reached. This result is of great importance for applications such as Time of Flight applications,
where pulsed light illumination is involved. In particular, to avoid measurement uncertainties
when using PPD CIS detectors for such high temporal resolution applications, it is important
to ensure that the PPD is always reverse biased during the device operation (i.e. that the
maximum measured output charge remains below the EFWC). These considerations are also
valid for PPD image lag characterization methods, which are often based on pulsed light.
New studies have been published based on this work. In particular, in [Cao+15] the models
developed in this thesis have been used as a starting point to develop a more detailed model of
the PPD capacitance, in [Goi+14b]; [Cha+14]; [XGT15]; [Innl5] they are used to study other
PPD parameters, such as the pinning voltage and the PPD capacitance, whereas in [Goi+14a]
they are used as a tool to identify the cause of performance degradation after exposure to
radiations. Finally, in [FH14]; [Zuj+15]; [MC+15] the FWC model proposed in this work is
used as a reference when addressing the signal dependence of the PPD FWC.
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This thesis presented a study on key design parameters in Pinned Photodiode CMOS Image
Sensors for high temporal resolution applications. The work was focused on what these pa-
rameters represent (physical definition), on how they are affected by experimental conditions
and how they can/should be measured. Whenever possible, this has been done by developing
appropriate analytical models.

A novel PPD pixel topology, referred to as Storage Gate (SG) pixel, has been proposed
in this work for the monitoring of charge transfer performances. The measurement principle
consists in electrically injecting a packet of charge at the far end of the PPD at increasing
delays with respect to the falling edge of the TG signal. These pixels allow comparison of
different pixel geometries in terms of CTI at both the same initial charge density and initial
amount of carriers. Measurements performed on SG pixels with PPD lengths going from
2 pm to 32 pm have shown that charge transfer can be much slower than the time predicted
by simply solving diffusion equations. These results are attributed to the presence of design
traps (such as potential bumps or potential pockets) located at the TG-PPD interface, which
significantly slow down the transfer of charge, even for the longest tested PPDs. The most
straightforward solution to improve transfer time in barrier limited pixels, is either to increase
the TG biasing voltage during charge transfer (which can however lead to charge partition
phenomena) or to keep electrons close to the TG during transfer, for example by adding a
collection well (region presenting a larger Vi) close to the TG. This approach is a currently
adopted solution to artificially reduce the effective PPD length, while maintaining a large
active area.

An analytical analysis of charge trapping phenomena under the TG has been carried out.
In particular, it has been shown that the probability of electron trapping under the TG dur-
ing charge transfer is very low. However, based on a similar reasoning, it is suggested that
interface states can indeed affect the output signal. In particular, as discussed in [Jan+15],
electrons can recombine with holes that have been trapped under the TG during the integra-
tion time (which is often of the order of several ms) and that are released as soon as the TG
is turned on. Note that such phenomena do not lead to image lag but to non-linearities due
to a reduction of the device effective quantum efficiency (which depends on the signal-level).

A second topic addressed in this thesis concerns the definition, the modeling and the
estimation of the pinning voltage (Vpin) in PPD CIS. As discussed in the second chapter of
this work, two different definitions are used in the literature when referring to the pinning
voltage. It is sometimes defined as the maximum deviation of the electron quasi-Fermi level
(AEfymax), which is the most commonly used definition in publications, or as the maximum
variation of the electrostatic potential (A®,x) with respect to equilibrium, which is often
used to estimate Vi, from TCAD simulations. It is important to note that because of the
thermionic emission of carriers from the TG channel toward the PPD, the condition at which
the PPD potential reaches A®,,,x does not correspond to a full depletion condition. In this
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work, Vpin is nevertheless defined as A®y,,«, since it represents the PPD potential floor. As
emphasized in this work, monitoring A Efmax can also be of great interest as it represents
the minimum TG channel potential that must be applied to fully empty the PPD.

The second chapter of this work also addressed the problem of reliable and comparable
measurements of the absolute value of V. In the CIS community, Vi, is both estimated from
in-pixel measurements and from electrical measurements performed on isolated test-structure
(or test-structure arrays). Among the methods addressed in this work, only the square root
method [SD82] and the in-pixel method[TBT12] have proven to be reliable approaches for
the estimation of the absolute value of V. It is demonstrated, both with simulations and
experimental data, that test structure methods which are based on the simplifying assumption
of a on-off behavior of JFETs, such as the floating source methods [Cou09] or the current
method [PU09], only allow observation of relative variations of Vp, (as the absolute measured
value depends on the experimental set-up). In-pixel measurements provide an estimation of
Vpin in a real pixel environment and on large pixel arrays (good statistics). They also also to
estimate other parameters, such as the PPD capacitance, the EFWC, AFEgmax and the TG
channel potential during transfer. However, fewer design and geometrical variations can be
tested with respect to the test-structure techniques. Therefore, the two approaches should be
considered complementary.

Transfer speed can be enhanced (with respect to a simple diffusion regime) by inducing a
drift field (i.e. by bending the PPD potential). The maximum theoretical potential drop that
can be generated within the PPD is equal to the V;, which would be measured in a large
photodiode (referred in this work as the intrinsic pinning voltage). As shown in the literature,
changing the PPD minimum size leads to a modulation of the PPD potential (geometrical
modulation), thus triangular or trapezoidal PPDs can be designed to drift electrons toward
the TG. Despite the fact that this method involves strong geometrical constraints, it is fairly
simple to implement and have been proved in the litterature to be very effective in speeding
up the transfer process. However it is not the most suitable solution for multi-tap PPD pixels,
since the generated electric field is static. Note also, that with respect to the (simpler) solution
based on the reduction of the effective PPD transfer length by means of a deeper collection
well located close to the TG, the geometrical modulation approach is of great interest when
the device is not operated in integration mode (or when the integration time is very short, so
that carriers do not have time to reach the well before the beginning of charge transfer).

A different approach, proposed in [Han+14], consists in generating a dynamic electric field
by changing the bias applied to pairs of lateral gates. This method is referred to as Lateral
Electric Field Modulation (LEFM). It has been shown, by means of a test-array designed in
a commercially available PPD CIS technology, that LEFM enables a good charge orientation
efficiency only for very narrow pixels (below 2 pm), however in dynamic operation, because
of the limited electric field that can be generated with this method, the CTI is only slightly
improved with respect to standard photodiodes (less than a factor 1.5). Since the LEFM
approach involves significant geometrical constraints and a worsening in both the fill-factor
and the dark current performances, this method is of interest only when the application
specifically requires a dynamic orientation of charges.
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An alternative approach to obtain a dynamic electric field in BSI devices while releasing the
geometrical constraints, could be to modulate the PPD potential by means of metal electrodes
located above the Pre-Metal Dielectric (PMD) or simply by adding poly-silicon gates over the
PPD. Note that to modulate the PPD potential from “above” the pinning implant must be
first inverted, which means that its potential is un-pinned and therefore the PPD potential
can be higher than V,;,. The resulting device would be a “temporary pinned” device®. This
approach cannot currently be implemented with the available commercial technologies, since
the biasing potential required to invert the pinning implant is of several hundreds of Volts
(due to the very high doping concentration of the p+ implant). In addition, PPDs implants
cannot generally be designed below poly-gates in standard CIS technologies.

This work also showed that the full well capacity (FWC), which is often given as a fixed
value in imagers data-sheets, can be strongly dependent from the experimental conditions. A
simple analytical model has been developed to predict the behavior of the FWC depending
on the working temperature, on the biasing conditions and on the impinging photon flux. It
has been shown, that in the dark with the TG in accumulation mode, the PPD charges can
increase up to a value which only depends on the PPD capacitance and on Vi,. This key
FWC level is referred to as Equilibrium Full Well Capacity (EFWC) and has been introduced
for the first time in this work. If the TG is accumulated during light integration, the amount
of electrons stored in the PPD under illumination can become larger than the EFWC. As
emphasized in this work, under illumination, when reaching the full well pseudo-equilibrium
(corresponding to an open circuit condition) the PPD can be forward biased. This thesis also
showed, with respect to previous works, that the FWC level increases logarithmically with the
photon flux even when the TG is accumulated, due to the forward current of the photodiode
(previously this behavior was mainly attributed to the TG sub-threshold current). It as been
shown in the literature that if the TG is positively biased during integration, excess charge
is drained away toward the FD and the FWC drops linearly with Vi,orq. Finally, this thesis
also showed that different FWC temperature behaviors can be observed depending on the
operation conditions. In particular, if the PPD is forward biased (i.e. under illumination), an
increase in temperature results in a decrease in the FWC. On the other hand, in the dark, the
FWC increases with temperature due to an increase of V. These results are very important
as they show that FWC values are meaningless if the experimental conditions are not specified
and that the only parameter that really characterizes a pixel is its EFWC.

The dynamic behavior of the FWC has also been investigated. It has been shown that
if the illumination level is suddenly changed, the PPD does not immediately reach the new
corresponding pseudo-equilibrium condition. The smaller the final photon flux, the smaller
the forward current of the photodiode and thus the longer the transient to reach pseudo-
equilibrium. This means that unless the integration time and the PPD EFWC are sized to
ensure that in typical working conditions the PPD charge is below the EFWC, significant
errors can affect the output signal if the imaged scene is not still. These considerations can
also be extended to image lag characterization methods (which are often based on a pulsed
light source), where the pulse width and intensity must be chosen so that the PPD is never
forward biased (PPD charge below the EFWC).

5Note that both solutions would lead to a significant increase of the dark current.
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To conclude, the models developed in this work can be useful tools to study and opti-
mize PPD CIS pixels. The proposed charge transfer model, associated to measurements on
pulsed SG pixels, can help identifying the phenomena limiting charge transfer for a given
technology or pixel design. To further improve the model, it would be of great interest to
also account for charge trapping phenomena under the TG in the numerical simulation. The
FWC model has already been used in the literature as a reference when addressing the effect
of the photon flux on the FWC [FH14]; [Zuj+15]; [MC+15] or as a starting point to fur-
ther investigate (or model) other PPD parameters [Goi+14b]; [Cha+14]; [Cao+15]; [XGT15];
[Inn15]. In [Goi+14a], EFWC variations have been used to investigate the radiation hardness
of PPD pixels. Characterization methods from 3T CIS have often been transferred “as they
are” to PPD CIS, however as emphasized in this work, new indications and methods should
be developed in order to standardize the estimation of figures of merits such as the CVF, the
FWC and the pinning voltage. In particular, as discussed in appendix B, much remains to
do concerning CVF noise-based methods, such as the mean variance method, which could be
re-adapted to take into the specific operation principle of PPDs and take into consideration
only the noise contributions which are specific to PPD CIS.
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APPENDIX A

Study on the effect of Gate Induced
Leakage Current in charge domain
global shutter detectors

Since PPD pixels with multiple transfer steps (such as in [YIK10]) were not available, in this
work, global shutter readout mode has been implemented by using the FD as the storage node
and by acquiring the reference and the signal with two separate images. The corresponding
timing diagram is shown in Fig. A.1.

GLOBAL SHUTTER READOUT

Tint

> -

. i T

__IG

XXX XX XX
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-« : «
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Figure A.1: Typical timing diagram for the readout of a 4T pixel in global shutter operation
mode.

For a large pixel array, this timing diagram implies that both the reference and the signal
are stored on the FD for an amount of time, which varies depending on the pixel position,
in particular the sampled charge will be held much longer for the pixels of the last line with
respect to ones of the first line. If the FD presents a non negligible leakage current, the signal
of the last readout pixels can be highly over-estimated.

Figure A.2 shows the leakage current Ij..xpp of the FD measured in the dark and under
illumination, for different VpprsT biasing voltages, as a function of the TG off biasing poten-
tial V,org. The leakage current has been calculated from the variation of the output voltage
as a function of time. The tested device is detailed in section 2.3.2.

Similar behaviours are observed in dark conditions and under illumination, except for an
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Figure A.2: Measured FD leakage current in the dark and under illumination for different
VbprsT biasing voltages as a function of Viorg.

offset in the measured output current due to the parasitic light sensitivity of the FD 1. As
shown in the figure, for slightly positive Vi,ora, lieakrp does not depend on Viorg. This
means that when the TG is not accumulated (and not yet inverted) the current discharging
the FD is mainly due to thermally generated carriers (dark current) and eventually to the
collection of photo-charges by the FD. It can also be observed that [j.qxFp increases as the
TG biasing potential becomes more negative and for higher Vpprst values. As suggested in
[Yam+09], the origin of this additional leakage current contribution in accumulation mode (of
the order of 10 fA — 20 fA here) is similar to the one observed in 3T APS in [Pai+05b], which
is referred to as Gate-Induced-Leak Trap Assisted Tunnelling (GIL-TAT) in [Yam+09], or
more commonly as Gate Induced Drain Leakage (GIDL) current [Mar81]; [NVB89]; [TN09].
GIDL is due to the increase in the local electric field in the overlap region between the n+
implant of the FD and the TG (which, as shown by the TCAD simulations in Fig. A.3,
can be of the order of 10°V/em and is an exponential function of V, = Vi, — Viq [Yam-+09];
[Lou+03], where Vg, is the channel potential on the FD side.

In rolling shutter mode, the RST, SHR, TG and SHS signals are very close to each others
(few psbetween RST and SHS), thus the TG can be biased in accumulation mode to reduce
the PPD dark current [MSTO08] as the effect of GIDL on the output signal can be neglected.
However, as shown in this section, this biasing condition should be avoided in charge domain
global shutter mode. To reduce the GIDL, it is also recommended to use hard reset instead
of soft reset and to minimize the overlap between the FD n+ implant and the TG while
designing the pixel.

!The FD is normally screened by means of metal layers, but photocharges generated in the epitaxy can
diffuse toward the FD.

126



VLOTG=-1V

Abs(Total
1.000e-30 2.063e-254.255

VLOTG=-1V

Abs(ElectricField-V)
0.000e+001.¢ .333e+055.

1)
.333e+051.000e+06

VLOTG=0V

Abs(TotalCurrentDensity-V) (A*cmA-2)
1.000e-30 2.063e-25 4.255e-20 8.778e-15 1.811e-09 3.735e-04 7.705e+01

Abs(ElectricField-V) (V'ecmA-1)
0.000e+00 1.667€+05 3.333e+05 5.000e+05 6.667e+05 8.333e+05 1.000e+06

VLOTG=0.6V

Abs(TotalCurrentDensity-V) (A*cmA-2)
1.000e-30 2.063-25 4.255¢-20 8.778¢-15 1.811-09 3.735¢-04 7.705¢+01

VLOTG

||

Abs(ElectricField-V) (V*emA-1)
0.000e+001.667e+053.333e+055.000e+056.667e+05 8.333e+05 1.000e+06

Ll

Figure A.3: TCAD simulation of the current density and electric field at the FD-TG interface
for different Vi,org biasing voltages (with Vep = 3.3V.
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APPENDIX B

Estimation of the Charge to Voltage
conversion Factor in PPD CIS

The Charge to Voltage conversion Factor (CVF) is defined as the ratio between the variation
of the output voltage AVt and the number Nof electrons collected at the FD:

A\/out
Ne—rD

CVF = (B.1)

where Vot = G X Vpp, with G the gain of the readout chain. The CVF is usually expressed
in uV/e~ orin ADU/e™.

The Quantum Efficiency (QE) gives the amount of the total photon flux ® on the pixel
surface that participates to the pixel photocurrent Ip,. If we assume that each absorbed
photon generates an electron-hole pair, at that the impinging photons are mono-energetic,
then the QE can be expressed as the ratio between the number of impinging photons Npy
and the number N,_ppp of photo-electrons collected by the photodiode:

I Ne—ppPD
E=2=-_° B.2
QE=3 =0 (B.2)

A method for the estimation of the QE in 3T APS is presented in [Fow+98].

To simplify the expressions, it will be assumed in the following that G=1 and that AV, =
AVyp = V. If we also assume that No_ppp = Ne—pp = Ne— (100% CTE), the QE and the
CVF determine the overall photon to voltage conversion gain and their product gives the
slope of the Electro-Optical Transfer Function (EOTF) V (Npy):

dV (Npp,

= CVF x QE B.3
INno Q (B.3)

It is sufficient to estimate one of the two parameters to derive the other from the EOTF.

If we approximate the FD capacitance to a constant capacitance Cgp, the variation of the
output voltage can be expressed as:
_gx N

AV = B.4
Crn (B4)
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CIS

Which gives:

q
CVF = B.5
Con (B.5)

The precise knowledge of Crp would allow estimation of the conversion factor. In practice, due

to parasitism, the real floating diffusion capacitance cannot be easily estimated and indirect
methods are used instead.

Before discussing the different methods used in the CIS community to estimate the CVF in
3T APS and their limitations when applied to PPD CIS; it is important to make a distinction
between two different saturation mechanisms:

A) The electronic circuit saturates long before the output charge reaches the FWC of the
photodiode: in this case the QE can be considered constant over the whole output
voltage range. If we approximate the PPD SCR to the depletion region of an abrupt
one-sided p-n junction, the capacitance Cqep of the depletion region can be expressed
as a function of the FD potential as [TN09]:

€Si €54
Cdep(v) = acs = acs (B6)

Ml R (V)

where Wyep(V) is the extension of the depleted region, V4; the built in voltage, €g;
the Silicon dielectric constant and N4 and Np the doping levels of the n-type and the
p-type regions, respectively. Because of this non linearity the CVF is signal dependent
and drops toward saturation.

B) The diode FWC is reached long before the saturation of the electronics: in this case
the CVF is constant over the whole output voltage range (since the FD is always in its
linear region). On the other hand, the QE drops as the diode approaches its full well,
as less and less charges can be collected by the PPD.

In 3T APS the saturation of the maximum output signal is limited by the saturation of the
readout chain (saturation mechanism A). In PPD pixels, the saturation mechanism depends
on the ratio between Cpp and the PPD capacitance Cppp. If Cppp is much larger than
Crp, the saturation of the output signal is limited by the electronics (saturation mechanism
A). However, with pixel-size shrinking, the PPD FWC can be much smaller than the charge
required to saturate the readout chain, resulting in the saturation mechanism described in B.
The following section discusses three estimation methods that are commonly used in the CIS
community to estimate the CVF in 3T APS and their limitations when applied to PPD CIS.
More methods for the estimation of the CVF in 3T APS can be found in [Boh+08].

B.1 The mean variance method

The mean variance method is the most widespread approach for the estimation of the CVF
in both CCDs [Sta+92] and CIS [BF96]. The method is based on the assumption that the
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B.1. The mean variance method

detector response is linear, hence that the number of electrons N._ collected at the FD can
be calculated from the mean output signal V' as:

v

NeszEXNph:m

(B.7)
It is also assumed that for good quality detectors, the noise is dominated by photon noise,
which follows Poisson statistics:

0’12\[67 = N_ (B.8)

Under these simplifying hypotheses, it can be demonstrated [BF96] that the mean output
voltage variance 0'% can be expressed as a function of the mean output signal V and of the
CVF as:

0% =V x CVF (B.9)

As a result, the CVF can be estimated as the slope of the Photon Transfer Curve (PTC),
which corresponds to 0\2, plotted as a function of V.

Figure B.1a shows the EOTF and PTC measured on a 256 x 256 PPD pixel-array designed
at ISAE. The curves have been obtained by using a constant integration time and an increasing
photon flux. The array is read both in 3T mode and 4T mode (timing diagrams in Fig. B.1b
and B.lc, respectively). As it can be observed, the EOTF is linear at low signal levels for
both readout modes ! and the slope of the PTC (and thus the CVF calculated with the MV
method) remains more or less constant. For both readout modes again, the EOTF is less and
less linear toward higher signal levels and toward saturation we observe a drop of the PTC.

In 3T readout mode, the linear range mainly depends on the design of the readout elec-
tronics and the noise drop is due to the fact that as the saturation point is approached, less
and less noise is added by photon statistics (which eventually drops to zero). By comparing
the two EOTF curves and the two PTC, three main observations can be made:

e The saturation voltage in 4T mode is below 400mV, where the FD is still in its linear
range. It can be inferred that in 4T readout mode the CVF is constant over the whole
output range and that the saturation of the EOTF is to be attributed to a drop in the

QE.

e In 4T readout mode, even after saturation, the EOTF keeps increasing as the photon
flux is increased. As discussed in chapter 4, this behaviour is due to the fact that under
illumination, the PPD full well capacity is reached in forward biasing conditions. In
particular, it is shown that the open circuit voltage (saturation voltage) depends on the
photocurrent and thus on the photon flux.

e In 3T mode, the drop in the PTC roughly corresponds to the output voltage at which
the EOTF exits the linear region. In 4T readout mode however, the PTC drops while
the EOTF is still in its linear range (250 mV here). Since the CVF is constant and the
output signal is not affected by the saturation of the electronics, this second noise drop

'Thus as long as the output voltage is far from saturation, the linearity hypothesis of the MV method is
valid for both 3T and 4T readout modes
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CIS

mechanism could be attributed to a drop in the QE. This phenomenon is not further
investigated here and a detailed analysis of the PTC in PPD CIS is left for future

studies.
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Figure B.1: EOTF and PTC measured on a 256 x 256 PPD pixel array designed at ISAE
in 3T (c) and 4T (d) readout modes. In 3T readout mode, the TG is always accumulated
(Vrg = —0.4 V). A CVF of about 40 1V /e~ can be estimated for this detector.

Since the CVF is extracted from the PTC slope at low signal levels, where both QE and
Crp variations can be neglected, the MV method is suitable for both 3T APS and PPD CIS
(whatever the saturation mechanisms). In both cases, the MV fitting range must be set very
carefully, since the PTC slope is not constant even at low signal levels [Jan01]. In particular,
choosing a fitting range which is too large leads to an underestimation of the CVF (as the
PTC slope drops toward saturation), whereas choosing a fitting range which is too small
reduces the accuracy in the estimation of the PTC slope (as the measurement is significantly
affected by the readout noise). The MV method has the great advantage of being simple
and does not require heavy computations. On the other hand the signal range for which all
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hypotheses are valid is limited and depending on the chosen fitting range, very different CVF
values can be extracted.

B.2 Non Linear Estimation method

In 2003, to overcome the limited range of validity of the MV method, B. Pain and B. Hancock
proposed an alternative algorithm, which is also based on a noise analysis, but removes the
hypothesis of linearity of the sensor [BF96]. This method, referred to as Non Linear Estimation
(NLE) method, allows calculation of the CVF at all signal levels under the hypothesis of a
constant QE. In particular, for 3T APS, it can be demonstrated that the output voltage
variance can be expressed as the sum of the contributions of the electronic voltage readout
noise, of the electron photon noise and of the electron reset noise as:

2
S dV (Npp) 1
0-\2/out = O-%/read + (QE X Nph + o-z*RST) ( dN. i Q7E (Blo)
P
dV(Npn) 1 . . ]
where deih OF = CVF. The equation can be rewritten as:
Y =b+miz1 + moxs (B.ll)
2 2
where Y = U%Out, T = (%ﬁ’]h)) X Npp and o = (%Nih)) . The electronic noise, the

reset noise and the quantum efficiency can be estimated as the coefficients of the multivariate
linear regression that better fits equation (B.11) ( 0% =n, QE = mil and 02_pop = mam? ).
The conversion gain is then derived as:
V(N
ovE = L5 v () xomy (B.12)

This method is in fairly good agreement with the MV method for the estimation of
the CVF within the EOTF linear range and provides useful additional information on the
behavior of the CVF toward saturation in 3T APS. However, the initial hypotheses on which
the whole mathematical development is based, do not apply to PPD CIS. On one hand, if
the PPD saturates before the electronics, the CVF is almost constant in the whole output
range, whereas the QE is signal dependent. Furthermore the noise contributions considered
in this method are specific to 3T APS. To apply this approach to PPD CIS, the algorithm
and the simplifying hypotheses must be adapted in order to take into account the saturation
mechanism and the PPD noise contributions (which means neglecting the reset noise, adding
the transfer noise [Fos03] and studying the noise filtering resulting from reduction of the QE
toward saturation and from the PPD forward biasing conditions under illumination).
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B.3 X-ray method with Fe®

A completely different approach to the problem is given by the x-ray method [Jan01]; [HGP04],
which is based on our a priori knowledge of the interaction of soft x-rays (up to 10 keV) with
Si. In this energy range the absorption is dominated by the photoelectric effect. The average
number of electron-hole couples generated in the process is:

E
Ny, = —2 (B.13)

€couple

where L}, is the x-ray photon energy, €couple is the mean energy required to produce an e-h
pair (around 3.65 eV for Si at room temperature). The Fe®® is an unstable isotope that decays
into Mn, emitting K, (5.899 KeV) or K xrays (6.490 KeV). Following Eq. B.13, the average
number of electrons generated in Si will be N,- ~ 1616 for K,-rays and N,- ~ 1778 for
Kpg-rays. In [Jan01], Janesick estimates the diameter of the generated electron-hole cloud to
be less than 1 pum. If all the generated electrons are successfully collected at the FD, the
corresponding change in the output signal is:

AV = N.j, x CVF (B.14)

The conversion factor can thus be calculated as the ratio between the output voltage V and
the number of electrons that are generated during the absorption of the x-ray. Since the
emission of K, rays is 7 times more probable than the emission of Kz rays, the first are used
to evaluate the CVF and the second to validate it. In a 3T APS, if the ray is absorbed within
the depletion region, or at a distance from it which is smaller than the diffusion length, it
can be assumed that all the generated electrons are collected at the floating diffusion. The
absorption length, defined as the distance where statistically 65% of the impinging photons
are absorbed, can be calculated from the attenuation coefficient p,ps as:
1
Lops = —— (B.15)
HabsP

with p the density of the absorption mean. Referring to the NIST data base (http://
physics.nist.gov/PhysRefData/Xcom/html/xcoml.html), the absorption coefficient for a
photon of 6 keV is around 14.7 cm? /s, while the Si density is 2.33 g/cm?, which results in an
absorption length of about L,ns = 30 pm . Given the large absorption length when compared
to the width of the depletion region, the probability of having all the electrons collected by
one single pixel is quite low. Hence, once the photon is absorbed, electrons can recombine
before being collected, or can be collected by neighbor pixels, creating the so called split and
partial events. Figure B.3 shows a typical Feb5 x-ray histogram, with a high K, peak, a
smaller K3 peak and the tail due to split and partial events. The high peak toward lower
energies is due to non-interactions or re-combinations. More details on the method and a
discussion on its limitations in terms of energy resolution can be found in [Jan01].

Like the MV method, the Fe® method allows to calculate the CVF at a single output
charge value. If the saturation charge is much larger than 2000 e, the estimated CVF should
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B.3. X-ray method with Fe®

Feb55 source Vig

Figure B.2: Illustration of the interaction of a Fe®® x-ray with a PPD.

be comparable with the one estimated with the MV method. However if the number of
electrons generated by the x-ray approaches the saturation charge, results should be handled
with particular care, as the CVF drops quickly in this region and small charge collection
variation can results in large CVF value variations.

A first disadvantage of this method consists in the large amount of images (several hundred
thousand) that must be acquired, processed and stored to have good statistics, due to the
very low probability of K, events. To partially overcome this limitation, it is recommended
to perform a “live event detection”, by setting a detection threshold. For the integration
time, the choice strongly depends on the available memory space and how data are going to
be processed. Using an integration time which is too long, increases the dark noise and the
risk of having more than one event per pixel (which leads to peak blurring). On the other
hand, choosing an integration time which is too short can result in an image output rate
which might not be compatible with live event detection.

An additional difficulty is due to the presence of RTS pixels [GVM11]; [Vir+13|, which
introduce false events. Finally, a last limitation of the implementation of this method for
PPD CIS is the effect of charge lag. In particular, measurements performed on a pixel array
designed at ISAE, have shown that there is a good match between the CVF value extracted
with the MV and Fe®® methods for pixels presenting low image lag, whereas no peak could
be individuated when pixels presented high image lag. This result can be explained by the
fact that the amount of charge lag is not deterministic, which leads to a strong spread of the
K, peak. These considerations can be extended to 3T-pixels, which often have smaller CVF
values and for which it might be of interest to use hard reset to minimize the effect of image
lag on the estimated CVF value.
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Figure B.3: Example of pixel histogram acquired at T' = —20° C for an integration time of

10s and a detection threshold of 45 mV (applied after the substraction of the dark image).
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APPENDIX C

Charge transfer modeling and
simulation: theoretical derivations
and codes

C.1 Flick’s law derivation from probability calculations

This section presents the derivation of Flick’s diffusion law in 1D from probability calculations.

Let us consider the random walk of a set of carriers. After each time step At, electrons
can move with a probability of p = 1/2 either of +Ax or —Az. Given a walkers distribution
at a time tg, the number of carriers n located at x = x( after a time step At can be expressed

as:
1 1
n(to + At, .T()) = 51”&(750, xTo — AI) + §n(to, xo + Az) (Cl)
The Taylor expansion of the three terms of the expression above are
on 162
n(to + At,xo) = n(to,0) + 5 (to, 7o) At + 3 at’;(to,xo)(mf T (C.2)
1 1 10n 10%n
§n(t0,$0 — AJL‘) = in(to, :Eo) + ia(to,l‘o)(—Al‘) 4 8752 (to,ﬂjo)(—ACC)Z + ... (03)
1 1 10n 10%n 5
in(th o + Ax) in(t()a $0) 2 ot (t()v xO)(A ) 4 6t2 (t07 1‘0)(AZL’) Tt (04)

By combining equations C.1, C.2, C.3, C.4, neglecting terms of order higher than 2 and
dividing by At we obtain:

on (Az)? 9%n

875 (to, 0) 2At 61&2 (to,:Eo)(A:L‘)2 (05)
Assuming that
(Az)?
At — 0, Az — 0, and N, —-D>0 (C.6)
we obtain again the diffusion law:
on 0’n
8t (t()u $0) D— 8t2 (t07$0) (C?)
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Appendix C. Charge transfer modeling and simulation: theoretical derivations
and codes
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Figure C.1: Analytical and numerical solution of C.8 compared to the Montecarlo simulation

of the random walk of electrons (with N = 1000e~, D,, = 13 cm?/s). The plotted solution
corresponds to t = 1 ps

C.2 Calibration of the simulation of charge diffusion in the
PPD

In order to calibrate the numerical simulation of charge transfer in PPD CIS, at first a 1D
diffusion in an endless mean starting from a delta like charge distribution has been simulated.
Two different simulations have been implemented:

e Numerical solution of the diffusion equation

e Montecarlo simulation of the random walk of a set of electrons

The outputs have been compared to the analytical solution that can be found in [SN85] (with
the omission of the recombination term).
N’ 22
u(x,t) = —=—===e 4Dnt C.8
(@) = 757 (C.8)
where N’ is the charge density per unit area, ¢ is the diffusion time and z is distance covered
by electrons during teh diffusion process. Carrier generation has been neglected.

As shown in figure C.1, both the numerical solution of Flick’s law and the random walk
are in good agreement with the analytical solution. Below, the Matlab®code used for the
calibration:

% solution of the diffusion equation
% du/dt=Dxd"2 u/d x"2
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C.2. Calibration of the simulation of charge diffusion in the PPD

3 % with x beloning to [—inf,+inf] and an initial delta
1 % like distribution u(x,0)
5 % boundary conditions : u(—inf,t)=u(+inf,t)=0;

7 close all; clear all;

9 % ——— definition of physical constants

10 uth=0.025; %V

11 mn=2.366E—31; %1 /kg

12 q=1.6E—19; %C

13 vth=2.30E+05; %m/s

14 un=500xle—4; %m 2/V /s

15 tau_scat=unsmn/q; %s scatter time vector

16 mfpath=tau_ scatxvth; %m avarage mean free path
17 Dn=uth.xun; %m™2/s;

18 L=1e—6;

19

20 % ——— Define simulation constants

21 tmax=>b5e—12; %maximum simulation time

22 dx= mfpath/2; %spatial step

23 nx=round(L/dx)+1; % number of nodes in x direction
21 sigma=0.25; %condition cfl sigma<0.5

25 tstop=le—12;

26

27 dt = dxxdxxsigma/Dn; %time step diffusion

28

20 nt = round(tmax/dt+1); % number of time steps
30 %coef for the space centered, time forward

31 Y%numerical diffusion simulation

32 r=Dnxdt/(dx"2);

33 12=1— 2x1;

34

35 % ——— variable initialization

36 Yinitial number of charges in each bin with u!=0

37 x0__init=1000;

38 t=0;

30 x_ hist=[0:dx:nx*dx]; Y%vecteur for histogram plot
10 xx=0:dx:nx*dx; %x vector for numerical solution

a1 x_an=xx—xx(round(nx/2)+2)+dx/2; %vector for analytical sol.
42

3 %N ————— initialization for delta like charge density
a4 u= zeros(nx+1,1);

a5 u(round(nx/2)+1:round(nx/2)+2)=x0_init;

46 U_init=u;
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Appendix C. Charge transfer modeling and simulation: theoretical derivations

and codes

uold=u;
Num_ ch=sum(u__init); %initial number of charges

%initialization coordinates for the charges
c_x=zeros(Num_ ch,1);

c_x(1:Num_ ch/2)=round(nx/2).*xdx;

c_x(Num_ ch/2+1:Num_ ch)=(round(nx/2)+1).xdx;

if (0) %to plot initial conditions
figure (2);
[h,be]=hist(c_x,x_ hist);
plot(bc.x1e6,h,’g’, ' LineWidth’,4)
hold on; plot([0:dx:nx*dx+dx/2].#1e6,u,’LineWidth’,4);
ylim([0 x0__init]);
hold off
title("Initial conditions’)
xlabel("x(\mu,m)’); ylabel(’Charges’);
pause(0.5)

end

%Numerical solution of teh diffusion equation
m=0;
dt = dxxdxxsigma/Dn; %time step for diffusion
while t<tstop
m=m-+1
%t =t + dt;

Y%numerical solution of the diffusion equation
u(2:nx)=rxuold(3:nx+1)+r2xuold(2:nx)+r+uold(l:nx—1);

uold=u;
t=mxdt;
end
m=0;

dt = dx#dx0.5/Dn; %time step for andom walk
t=0
while t<tstop

m=m-+1

%RW montecarlo simulation

% random direction for all the Num_ ch charges
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C.2. Calibration of the simulation of charge diffusion in the PPD

r_num = rand (Num_ ch,1);

while (isempty(find(r num==0.5))==0)
r_num = rand (Num_ ch,1);

end

indplus=find(r_ num>0.5);

indminus=find(r num<0.5);

c_x(indplus)=c_ x(indplus)+dx;

¢_x(indminus)=c_ x(indminus)—dx;

t=mxdt;

dsquare(m)=var(c_x); %distribution variance

%Check diffusion coefficient of the numerical solution:
%the function mygaussfit(x,y) returns the fitting
Y%parameters for the input function y(x)to the following
%gaussian function:

%y=A * exp( —(x—mu)"2 / (2xsigma”2) )

[sigma_ gauss,mu,A]=mygaussfit(xx,u);

Dn_num_ solution=sigma_ gauss™ 2/(2xt)

Y%plot section

figure;

Y%exact solution
y_an=Num__ch/sqrt(4*pixDnxt)*exp((—x_an.”2)...
/(4xDnxt)).xdx;

%plot exact solution
plot(xx.*x1e6,y_an,’r’’LineWidth’,4); hold on;

Y%plot solutions of the numerical simulation
plot(xx.*x1e6,u,’0—",’LineWidth’,2,"MarkerSize’,6);
%compute and plot histogram of charge distribution
%from RW montecarlo simulation
[h,bc]=hist(c_x,x_ hist);
plot(bc.x1e6,h,’gx—’"LineWidth’,2,"MarkerSize’,10);
%adjust and save

ylim([0 200]);

xlim([0 nx*dx].x1e6); hold off;
xlabel("x(\mum)’,’Fontsize’,24); ylabel(’Charges’,’Fontsize’,24);

legend (’Analytical, solution’, ’Numerical solution’,’Random, walk’);

set(gca, Fontsize’,24);
saveas(gcf,’ calibration__simu’,’epsc’)
saveas(gcf,’calibration__simu’,’fig’)
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Appendix C. Charge transfer modeling and simulation: theoretical derivations
and codes

C.3 Simulation of the Random walk of charges in a PPD

Below the Matlab®code of the function used for the simulation of the random walk of charges
in a PPD.

% Simulation of the random walk of NO charges in a LPPDxWPPD square PPD
% considering:

% A. charge diffusion

% B. self induced drift

% C. drift field (induced by a potential difference dVPPD across the PPD)
% D. a potential barrier at the TG—PPD interface of height PhiB

% Boundary conditions:

% 1. reflecting wall at x=0

% 2. absorbing wall at x=LPPD

% 3. probability pjumb= exp(Phib/uth) for electrons to jump over

% the potential barrier

R ——

% LPPD=PPD length

% NO=initial number of electrons

% Phib_ potential barrier

% dVPPD potential drop across the PPD

% SELF =1 to simulate self induced drift

% =0 to neglect self induced drift

% DELTA =1 to simulate a delta—like initial charge distribution
% =0 to simulate uniform charge distribution

% xdelta coordinate of the intial charge delta—distribution

tic

% ——— Define physical constants

T=300; % Temperature (K)

mn=2.366E—31; % mass of the electron (1 . kg—1)
kb=1.38¢—23; % Boltzmann constant (m2 . kg . s—2 . K—1)
q=1.6E—19; %elementary charge (C)

uth=kbxT/q; %e— thermal voltage (V)
vth=2.30E+05; %e— thermal velocity (m/s)
un=>500%1e—4; %electron mobility (m2/V/s)
tau_scat=unxmn/q; % e— scatter time (s)
mfpath=tau_ scatxvth; % avarage mean free path (m)
Dn=uth.xun; % e— diffusion coeff. (m2/s)

dx= mfpath/2; % spatial step (m)

CPPD_ A=1.2e—15; % area capacitance (F/um™2)
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C.3. Simulation of the Random walk of charges in a PPD

WPPD=1e—6; % PPD width m

% ——— Define simulation parameters

xrefl=0; % coordinate of the reflecting wall (m)

%LPPD=2x1le—6 % PPD length

nx=round(LPPD/dx); % number of nodes in x direction
xabs=nxxdx; %coordinate of the absorption wall (m)

xvector=[xrefl:dx:xabs|; %vector of x coordinates

% ——— Initiate charge distribution

if DELTA==
c_x(1:0)=xdelta;

else
Ndensity=round(N0/nx);
NO=Ndensity*nx %print simulated NO
for i=0:nx—1

c_x(ixNdensity+1:ixNdensity+Ndensity ) =ixdx;

end
end
% ——— Calculate drift field
if dVPPD==0

Edrift=zeros(1,N0);
Edrift(1) %print drift field
else

Edrift=dVPPD/LPPD.xones(1,N0); % external drift field V/m

Edrif(1)
end

% ——— calculate prob of emission across potential baerrier

PhiB %print Phib

prob_em=exp(—PhiB/uth)% Probability of emission

% ——— calculate capacitance to simulate self induced drift
CPPD=CPPD__ AxWPPDxlel2xdx;% capacitance per unit length dx (F/m)

%intiate variables
E=zeros(1,N0);
E(:)=Edrift; %reset E vector
¢_x_old=c_x;

tarr=zeros(1,N0); %vector containing electrons arrival time

Narr=0; % reset # transferred e—
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Appendix C. Charge transfer modeling and simulation: theoretical derivations
and codes

tic

Narrm1=0;
ttemp=zeros(1,N0);
Narr=0;

N=NO;

n=0;

% ——— Begin simulation
while N>0

Dn=uth.*un.xones(1,N); % e— diffusion coeff. (m2/s)
Dself=zeros(1,N);

if SELF==1
hist__density=hist(c_ x,xvector);
for i=1:N

edensity=hist_ density(find(xvector==c_ x(i)));
if isempty (edensity)==0
Dself(i)=unxqg*edensity /CPPD;
end
end
end
dt = dxxdx/2./(Dn + Dself); % time step (s)

indR=find(c_x<=xrefl); %index e— that reach relftecting wall
indB=find(c_ x>=xabs—dx); %index e— that reach potential barrier
indRW=setdiff([1: N],unique(union(indR,indB))); %# other e—

% ——— simulate effect potential barrier
r_num_ barr=rand(length(indB),1);
i_njump=find(r_num_ barr>prob_em) ;% e— that don’t jump over Phib
i_jump=find(r_num_ barr<=prob_em) ;% e— that jump over Phib
ind__back=indB(i_njump);
ind_ fwd=indB(i_ jump);

if isempty(ind_back)==
%reflexion on the barrier

c_x(ind_ back)=c_x(ind_ back)—dx.xones(1,length(ind_back));
end
if isempty(ind_ fwd)==

Ytransferred charge

c_x(ind_fwd)=c_x(ind_ fwd)+dx.*ones(1,length(ind_fwd));
end

% ——— reflection on the wall at x=0
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C.3. Simulation of the Random walk of charges in a PPD

if isempty(indR)==0
c¢_x(indR)=c_x(indR)+dx+dt(indR)*un.*E(indR); %reflexion contre murPPD
end

% ——— random walk of other electrons
r num = rand(1l,length(indRW));
while isempty (intersect(r num,0.5))==
r_num = rand (1,length(indRW));
end
i plus=find(r num>0.5);
indplus=indRW (i_ plus);
c_x(indplus)=c_ x(indplus)+dx+dt(indplus)*un.xE(indplus); %step +dx

i_minus=find(r_num<0.5);
indminus=indRW (i_ minus);
c_x(indminus)=c_ x(indminus)—dx+dt(indminus)*un.«E(indminus); %step —dx
indarr=find(c_ x>=xabs); %index transffered e—
ind__running=find(c_ x<xabs);
ttemp=ttemp+dt;
for i=1:length(indarr)

n=n+1;

tarr(n)=ttemp(i);
end
Narr=Narr+length(indarr);
% print " arrived electrons
if mod(Narr,100)==1
if Narr>Narrm1

Narr
end
end
Narrm1=Narr;
c_x=c_x(ind_ running);
ttemp=ttemp(ind_ running);
dt=dt(ind_ running);
N=NO—Narr;

145






APPENDIX D

Details on the readout electronics
of the device under test

The readout circuit is the same for all the devices designed in this work. Below a short
description of the main elements.

D.1 Readout Circuit for the 1D pixel arrays

A schematic view of the readout circuit of a 1D pixel array is shown in Fig. D.1. The readout
circuit can be divided in to four main blocks:

e The in-pixel electronics, which consists of 4 n-MOS transistors

— Mj: Transfer Gate TG (that enables charge transfer from the PPD to the FD)

— Msy: reset transistor (which allows to reset Vpp at V. DDggr before the acquisition
of the reference signal).

— M3: Source follower (which guarantees a low impedance output)

— My: Selection transistor (connects the pixel output to the sampling stage).

where My My M3 have been sized and designed following the technology design recom-
mendations.

e One n-MOS current source (Ms).

e Two sampling circuits (one for the reference and one for the signal), each consisting in
a transistor (Msg) and a sampling MIM capacitor (Csr).

e An output stage for each sampling circuit, which consists in a p-MOS source follower
(M7) and a p-MOS current source (Mg).

D.2 Simulations

The following sections detail the results of the circuit simulations with the simulator Spectre.
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Figure D.1: Schematic diagram of the readout circuit of the 1D pixel array.
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D.2. Simulations

D.2.1 Linear range

To estimate the linear range and the operation of the readout electronics, the circuit has been
first simulated in DC. Figure D.2 shows the potentials V,utn and Vi,tp simulated as a function
of the FD potential Vgp. The readout electronics has been simulated in DC in order to verify
its good functioning and to estimate the linearity range output signal. The output voltage of
the n stage and of the p stage as a function of the potential applied to the floating diffusion

are shown in figure D.2. The gain V“J/EEN is about G, = 0.8, whereas th overal gain of the

readout circuit % is about Le gain de I'étage n est de Gior = 0.58. From these curves we

can also deduce the linear range of the circuit:

e For a non linearity < 5%:

— Linear Range of 2.1V
— Input voltage range between 1 V and 3.2 V
— Output Voltage Range between 1.85 V and 3.2 V (for a total of 1.35 V)

whereas for a non-linearity < 1%:

— Linear Range of 1.6V
— Input voltage range between 1.2 V and 2.8 V
— Output Voltage Range between 1.9 V and 2.8 V (for a total of 0.9 V)

3.5 0.7
N ’ "
2.5 - 05
™
S20 , - 04 3
= Vi = 0.5684% + 1,2069 2
2 ! = ——Vvourn
[©] [ =2 ——voutp
> 15 0.3 g - e LN FIT
I T Slope OUTP
1.0 / 0.2
0.5 0.1
0.0 - - - - - 0.0
0 0.5 1 1.5 2 2.5 3 3.5
VFD(V)

Figure D.2: DC simulation of the potentials Vi n and Voup as a function of the FD potential
VED.
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D.2.2 Bandwidth

To study the bandwidth of the readout circuit, a capacitance of 15 pF has been added at the
output (this capacitance should model the capacitance due to the wire-bonding and to the
capacitance of the conductive tracks from the package to the input of the instrumentational
amplifiers on the PC. Figure D.3 shows the bode diagram for the gains G, and Giot. The
overall cut-off frequency is about feuor = 7TMH 2.

GN+P

G(dB)

1
1
1
1
1
|
1
1
1
1
1
|
]
|
I
1
|
1
1
|
-25 i
1
1
1
1
1

f 45 <7TMHz

-30 T T

1.e+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Frequency (Hz)

Figure D.3: Simulated frequency response of the readout circuit. The cut-off frequency is
about 7 MHz

D.3 Decoder

Each tested pixel-array has a dedicated decoder, where the number of bits have been adapted
to the size of the array. The decoders only decode pixel addresses, whereas the driving signals
of the TG and of the RST transistors are common to all pixels (so that both the high and
low levels and the rise and fall fronts can be adjusted depending on the measurement). Here
only a 8 bit decoder is described, however the other decoders have been designed with the
same philosophy and the same building blocks.

Figure D.4 shows the schematic diagram of the decoder. Two main blocks can be iden-
tified: an address decoder (AD_DEC) and an output stage (OUT_DEC). In the address
decoder, pixel addresses X < 0 : 7 > are inverted twice to generate the signals x, < 0:7 >
and xip < 0:7 >. These signals and of the enable (EN) signal (which is set =1 to enable the
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D.3. Decoder

output of the decoder) are then combined by means of AND (NAND+NOT=AND) 4-inputs
logic ports to generated x, < 0:7 >, x, <0:7> and x; < 0:3 >. The size of the transis-
tors used to design the AND ports are shown in Fig. D.5. The transistors of the logic port
NAND4_ 33 have the same size as the transistors of the portNAND3_ 33.

For a 8 bits decoder, the output stage is divided into 3 stages. The schematic diagram of
the building bloc (OUT_DEC_ BLOC) used for the 3 stages is shown in Fig. D.5. This block
consists in a AND (NAND+NOT) logic function plus a double inversion (NOT+NOT). The
inverters used for the later function (INV33BIG) are larger than the inverters of the address
decoder. All transistors are 3.3 V logic transistors.
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Figure D.4: Schematic diagram of a 8 bit decoder
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Figure D.5: Schematic diagram of the building block of the decoder output stage.
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Abstract — Driven by an aggressive market competition, CMOS Image Sensor technology is
in continuous evolution. Thanks to the outstanding noise performances of Pinned Photodiode
(PPD) CIS, CMOS sensors can now reach a few photons sensitivity, which makes this tech-
nology a particularly interesting candidate for high temporal resolution applications. Despite
the incredibly large production volume, today, the PPD physics is not yet fully understood,
and there is still a lack of golden standards for the characterization of PPD performances.
This thesis focuses on the definition, analytical modeling, simulation and estimation of PPD
key design parameters, with a particular focus on charge mechanisms, on the pinning voltage
and on the full well capacity. The models developed in this work can help both manufacturers
and users understanding the design trade-offs and the dependence of these parameters from
the experimental conditions, in order to optimize the sensor design, to correctly characterize
the image sensor, and to adjust the operation conditions to reach optimum performances.
Keywords: Pinned Photodiode, CMOS Image Sensors, transfer time, pinning voltage, Full
Well Capacity, high temporal resolution, pulse storage gate pixel

Résumé — Poussée par une forte demande et un marché trés compétitif, la technologie
PPD CIS est en évolution permanente. Du fait de leurs tres bonnes performances en terme
de bruit, les capteurs d’image CMOS a base de Photodiode Pincée (PPD CIS) peuvent dé-
sormais atteindre une sensibilité de 'ordre de quelques photons, ce qui rend cette technologie
particulierement intéressante pour les applications d’imagerie a haute résolution temporelle.
Aujourd’hui, la physique des photodiodes pincées n’est pas encore comprise dans sont inté-
gralité et il y a un manque important d’uniformisation des méthodes de caractérisation de
ces détecteurs. Ces travaux s’intéressent a la définition, a la modélisation analytique, a la
simulation et a l'estimation de parameétres clés des PPD CIS, tels que le temps de transfert,
la tension de pincement et la full well capacity (FWC). Comme il a été mis en évidence par
cette these, il est de premiere importance de comprendre I'effet des conditions expérimentales
sur les performances de ces capteurs. Ceci aussi bien pour 'optimisation de ces parametres
lors de la conception du capteur, que lors de la phase de caractérisions de celui-ci, et enfin
pour choisir correctement les conditions de mesures lors de la mise en ceuvre du dispositif.
Mots clés : Photodiode pincée, Capteurs d’'image CMOS, transfert de charge, tension de
pincement, Full Well Capacity, haute résolution temporelle, pixel & grille de stockage pulsée.

ISAE-SUPAERQO, Université de Toulouse, Image Sensor Research Team,
10 avenue E. Belin, F-31055, Toulouse, France





