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Abstract

A general method for estimating the full-well capacity
(FWC) of pixels with an anti-blooming (AB) path is proposed
and explored to establish a FWC specification for automotive
image sensors at different temperatures. While automotive
image sensors must be operable at elevated temperatures, it is
challenging to estimate the FWC before obtaining
experimental data. The method presented here may provide an
efficient means to determine/design FWC prior to running
silicon. The FWC model is derived and analyzed, then the
method used to obtain the key model parameters is presented.
The method is applied to pixels with both different process
conditions and layouts to demonstrate robustness.
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Introduction

There is a desire to establish a full-well capacity
(FWC) specification for automotive image sensors at
various temperatures due to the wide range of operating
temperatures required. However, these pixels typically
have anti-blooming (AB) structures to maximize
dynamic range [1], complicating the modeling process.
Several process and mask iterations are also usually
required to optimize the pixel performance.

To address these challenges, a general method to
predict the FWC of pixels with AB structures as a
function of temperature and illumination is proposed.
This model is applied to pixels with an AB path for
which the cut-plane is illustrated in Fig. 1. As the
photodiode fills up with charge, electrons can use the n-
type AB path to overflow to the floating diffusion. This
buried channel serves as a method to drain excess charge
that would otherwise result in blooming, yielding a
higher dynamic range in high-light scenarios.

The key terms impacting the FWC are the
equilibrium  full-well (EFWC), photocurrent (I,p),
transfer gate subthreshold current (Iy,;,) [2], and
thermionic emission current of electrons over the AB
barrier (I.;,)[3]. This model agrees with those discussed
in [3]-[5], but in this work the model is applied to four
pixels; three with different process conditions, and one
with a different layout. Additionally, the effect of the
thermionic emission current on the FWC across
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temperature is considered for the first time to the
authors’ knowledge.

The primary model parameters are determined via
calculations and experimental measurements on similar
pixels. The model is then verified via simulations and
experiments using pixels with different process
conditions and layouts to show versatility.
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Figure 1. Cartoon cut-plane of pixel with AB path
showing the photodiode (PD), transfer gate (TX), and
floating diffusion (FD).

Model Derivation and Analysis

Qualitatively, FWC can be considered as the amount
of charge in the pinned photodiode integrated from the
pinning voltage (Vpin) to @ minimum voltage (Vs) that
keeps the charge trapped, as given by (1) in [4]:

1 (Vi
FWC = ;fyspm Cppp (Vppp)dVppp (1)

where Cppp is the charge of the pinned photodiode, Verp
is its potential, and q is the elementary charge. (1) may
be rewritten as

1 (Vyin
FWC = ;fo P Cppp (Vppp)dVppp —

1.V
2 fo % Copp (Vepp)dVppp (2)

The first term represents the full-well capacity at
equilibrium, without the presence of light, or (4) in [4]:

1 (Vpin
EFWC(T) = E f Cppp Vepp)dVppp
0
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= %(CPPD X Viin (T)) (3)
Simplifying the second term in (2),
% fovs Cppp (Vppp)dVppp = i VsCppp 4)
Plugging in (3) and (4) into (2) yields
FWC = EFWC — %VSCPPD (5)

Vs must be greater than 0 V to prevent blooming [6].

To determine the FWC in the presence of
illumination, first consider the equilibrium condition at
full-well capacity:

Iph(q)) = Isub (T) + Ith(T) (6)
Where I, is the photocurrent, I, is the transfer gate
subthreshold current, and I, is the thermionic emission
current. The electron current into the photodiode, I, ,
balances the electron current out of the photodiode.

In pixels with AB structures, both the transfer gate
subthreshold current I,;, and I, may contribute to
current out of the photodiode. (6) is similar to (6.29) in
[7] but replaces the photodiode forward-bias leakage
with I,,;,. The forward bias injection of electrons from
the photodiode to the substrate occurs only when L, is
greater than the maximum [, and Ig,; which is a
function of the physical dimensions of the transfer gate
and the buried AB path, causing the photodiode potential
to decrease further. This condition cannot be practically
used in image capture. Iy, isan alternate path in cases
where the transfer gate has a very low threshold voltage,
and the gate is biased to provide dark current steering or
an additional overflow path. However, I, may be
excluded for pixels in which the transfer gate is
sufficiently turned off during integration. I,,;, may be
estimated theoretically via (7.28) from [8]:

Loup (T) = lasar X = x 100as=70/5 %
where 1,4, iS the device’s saturation current, % is the
transistor size, V, is the gate-source voltage when the
transfer gate is in accumulation, V; is the transfer gate
threshold voltage, and S is the subthreshold slope.

I.;, may be found using (109) from [9]:

Iy (T) = A*T?e~9%b/KT (8)
*7,2
where A* = 4”'1:31 . m* is the effective mass and h is

Planck’s constant; and ¢, is the potential barrier height.
@p = Vs —V,r, where Vs is the source voltage
(minimum PD potential) and Vs is the overflow path
potential [3].
Plugging (7) and (8) into (6),

w Vgs—Vt
Iph(q)) = lgsqr X T X10 s
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+A*T26—q(Vs—Vaf)/kT

9)
Vs may now be found in (9) and plugged into (5) to find
the FWC. The resulting equation was used to develop the
method to estimate full-well capacity presented here.

Description of Method

The method used to obtain the model parameters in
(9) and (5) is displayed in Fig. 2. First, the EFWC was
found by measuring the pinning voltage across
temperature and using TCAD to estimate Cepp.
Alternatively, Vpin may be estimated for pixels that have
not yet been fabricated via TCAD or from equation (2)
in [4]:

Overview of Methodology

Cppp estimated from TCAD | ‘ Vpin found experimentally

1
7 found ’ EFWC(T) = ~(Cppp % Vpin(T)) ‘
experimentally q
Ipp(®) = nd FWC(:D,T)=E‘FWC(T)—$CPPDV5 ‘
w (Vgs—V)/S sp2  —q(Vs—V, ) /kT
"ph(m)=!dmrxTX10 as=VO/S 1 g T2~V Vor

Vo estimated from TCAD
experimentally

Figure 2. Proposed model and methodology for

estimating FWC vs. temperature and illumination.
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where Npppis the doping concentration of the buried
channel, Wppp, is the buried channel depth, eg; is the Si
permittivity, and V,;(T) is the built-in voltage of the
upper junction [4].

L,y is given in [4] as

Lpp(®) = n® 11)
where 7 is the quantum efficiency and @ is the incident
photon flux [4]. n may be measured experimentally if
silicon is available or estimated using a similar pixel’s 7.
@ is found from experimental conditions or optical
simulations. The photocurrent may also be measured
directly, as was done here, by sweeping the integration
time and recording the responsivity if silicon is available.

I, and I, were estimated theoretically using (7)
and (8), respectively. I;.,¢, Vi, and S were obtained via
experimental measurements, while ¢, and V,, were
estimated from TCAD.

(10)



These parameters can then be plugged into (9) and (5),
respectively.

Model Comparison to TCAD

The FWC of a 3.0 um automotive CIS pixel was
simulated in TCAD under different temperatures and
illuminations. The FWC was simulated by sweeping the
integration time with fixed illumination level. The model
and TCAD results are compared in Fig. 3 and show
agreement in trend, but TCAD predicts larger FWCs at
80 C. Additionally, there was a slight mismatch in the
input illumination photon flux values used in TCAD and
the model, not shown. This misalignment is attributed to
TCAD quantum efficiency calibration.
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Figure 3. TCAD simulation and model results of FWC
vs. temperature for three illumination levels.

The FWC decreased with increasing temperature, as
expected. This trend was caused by two factors
competing against each other across temperature: The

EFWC and %VSCPPD termin (5). The EFWC grew due to

Vpin increasing, in agreement with Fig. 4 of [4].
However, Vs increasing caused the second term to
increase, outweighing the EFWC contribution and
causing the FWC to decrease across temperature overall.

Model Comparison to Experimental
Results

Since the model demonstrated proof-of-concept
with TCAD simulations, experimental data for a similar
3.0 um automotive CIS pixel were then obtained to
compare against the model’s predictions. The FWC of
three wafers with the same pixel design but different
implant conditions were measured experimentally under
different temperatures and illuminations by sweeping the
integration time with constant illumination level. The
experimental results were then compared to the model’s,
as illustrated in Figures 4-6, and are in close agreement,
except for minor discrepancies at 100 C. The FWC
decreases with temperature in a similar fashion to the
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TCAD simulations in Fig. 3 but is much less dependent
on illumination level. A smaller illumination range was
used experimentally due to testing constraints, resulting
in less variation in the measurements. The FWC
decreased overall because the pixel’s EFWC decreased
with  increasing temperature. The photodiode
capacitance decreased at a faster rate than the pinning
voltage increased with temperature, leading to a net
decrease in EFWC.
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Figure 4. Experimental and model results of FWC vs.
temperature for Wafer 1 for two illumination levels.
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Figure 5. Experimental and model results of FWC vs.
temperature for Wafer 2 for two illumination levels.
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Figure 6. Experimental and model results of FWC vs.
temperature for Wafer 3 for two illumination levels.
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The FWC of a 4.2 um CIS pixel was also measured
experimentally and compared to the model, as shown in
Figure 7. The results are aligned despite this pixel



exhibiting significantly greater FWC drop across
temperature than the three pixel variations measured
previously. This match between the model and
experimental results was achieved by considering the
change in photodiode capacitance across temperature [9,
10]. This 4.2 um pixel’s EFWC decreases with
increasing temperature more than those in Figs. 4-6 due
to the photodiode depletion region width decreasing
more across temperature.
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Figure 7. Experimental and model results of FWC vs.
temperature for Wafer 4.

Discussion

From these experiments, a method for better
estimating the full-well capacity under various
environmental conditions is obtained. The results
indicate that this model is generally accurate for pixels
with AB structures that exhibit both subtle and drastic
FWC changes across temperature and illumination. This
demonstrates that the model can be used across varied
process conditions and layouts to provide an efficient
means to determine/design FWC prior to running silicon.
The primary drawback of the model and method is that a
substantial amount of pixel characteristics like pinning
voltage, photodiode capacitance, and thermionic
emission current are required for the estimation.
However, many of these parameters can be estimated
beforehand using the equations shown here. Future work
includes adding a model of the overflow collection FWC
vs. illumination and temperature. More measurements
using a wider range of illumination levels would also be
of interest. If successful, a more accurate estimation for
the charge-holding capacity of automotive CIS pixels
will be gained.
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