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Performance and reliability degradation of CMOS Image Sensors in
Back-Side Illuminated configuration

Andrea Vici, Felice Russo, Nicola Lovisi, Aldo Marchioni, Antonio Casella, Fernanda Irrera

We present a systematic characterization of wafer-level reliability dedicated test structures in Back-Side-Illuminated CMOS Image
Sensors. Noise and electrical measurements performed at different steps of the fabrication process flow, definitely demonstrate that
the wafer flipping/bonding/thinning and VIA opening proper of the Back-Side-Illuminated configuration cause the creation of
oxide donor-like border traps. Respect to conventional Front-Side-Illuminated CMOS Image Sensors, the presence of these traps
causes degradation of the transistors electrical performance, altering the oxide electric field and shifting the flat-band voltage, and
strongly degrades also reliability. Results from Time-Dependent Dielectric Breakdown and Negative Bias Temperature Instability
measurements outline the impact of those border traps on the lifetime prediction.

Index Terms—Backside CMOS Image Sensors, gate oxide traps, performance and reliability degradation, noise and charge

pumping measurements, lifetime prediction.

I. INTRODUCTION

MOS Image Sensor (CIS) is an array of light-sensitive

pixels. Each pixel consists of a photodiode (PD) and
several control MOSFETs. The two configurations today on
the market are sketched in Fig.[I] In the Front-Side Illuminated
(FSI) configuration (Fig. [Th) light first couples with the front
layers, the metal lines and the intermetal dielectrics. This
causes a reduction of the quantum efficiency, especially in
the blue and UV region [1-4]. In the Back-Side Illuminated
(BSI) configuration (Fig. m)) the metallizations and dielectric
layers lay beyond the PD with respect to the impinging light
[5H7]. BSI technology is necessary for high performance at
pixels sizes of 1.1 pm and smaller [8§]].
The manufacturing process of image sensors in BSI technol-
ogy is highly complicated, since it requires processing steps
from both sides of the wafer. The process flows of the FSI-
CIS and BSI-CIS are schematically compared in Fig. [Tk, where
the FSI flow includes only Step 1 while the BSI flow includes
three additional steps. As one can see, they share the metal
layer deposition (M1-M4), the pads realization with ONO
passivation and the first anneal (Step 1). After the end of Step
1, BSI wafers go through the so called BSI loop consisting
in: wafer flipping, bonding to a handling wafer, mechanical
thinning and the Through-Silicon-Via (TSV) opening (Step 2).
Then, pads, ONO passivation (Step 3) and a final H annealing
(Step 4) are realized. TSV technology for the vertical electrical
connection of metal pads is required in order to have optical
elements and the bond pads on the same side of the wafer.
Complexity and high manufacturing process cost represent
main challenges for an outright use of the BSI technology. In
addition, the BSI sensors suffer from long term performance
degradation when compared to the FSI. In the last few years,
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some practical tricks have been proposed to overcome the
problem of the BSI reliability degradation. As an example, a
backside process engineering was proposed, which allows ef-
fective repassivation during the final hydrogen anneal covering
the backside of the wafer with a SiN layer acting as hydrogen
diffusion barrier [9]. Another approach consists in opening in
the back-side of the wafer a suitable pattern of deep-trenches
that, passing through the passivation layers and the silicon
substrate, land on the inter-level metal dielectrics. These
trenches favor the flow of passivating specie (H, 2H) directly
to the silicon active area [10]. These empirical solutions aim
to achieve acceptable device reliability, but do not shed light
on the origin of the reliability degradation.

In this work, we get a deeper insight into the underly-
ing physics of performance and reliability issues of BSI-
CIS wafer-level reliability structures performing in-line pa-
rameter tests. The paper is organized as follows. Section
reports the results of systematic charge pumping and noise
measurements, showing that a density of donor-like border
traps is present in the gate oxides of BSI configuration [[11]],
while it is absent in FSI. The oxide trap profile is extracted
from experiments. In Section |1l we perform in-line electrical
measurements during the BSI manufacturing process and we
demonstrate that those traps are generated during the BSI
loop. In the same Section we characterize their impact on
MOSFETs electrical performance and successfully simulate
current curves by using the extracted oxide trap profile in
Sentaurus TCAD. In Section we report on the influence
of those traps on the lifetime prediction obtained using Time-
Dependent-Dielectric-Breakdown (TDDB) and Negative-Bias-
Temperature-Instability (NBTI) tests.

II. CHARGE PUMPING AND NOISE MEASUREMENTS

The wafer test structures are arranged in the scribe line
regions between the individual dies on the wafer. Each scribe
line has a width of 100 pum. All the studied transistors (Tx)
of the wafer test structures featured a 6.8 nm SiO, gate oxide
thickness. A schematic cross-section of the devices under test
and their location along a scribe line is sketched in Fig. [2]
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A TSV for the vertical electrical connection of metal pads
is etched and then filled with aluminium. The TSV passes
through the passivation layers and the silicon substrate and
finally lands on the first metal line. The TSV opening is
realized during the BSI-loop (Step 2 in Fig. [Tf).

A. Charge Pumping

Charge Pumping (CP) is a powerful and well known
technique for characterizing the Si/SiO, interface of MOS
systems, measuring the density of interface states. We per-
formed Spectroscopic-CP (S-CP) measurements on n-channel
Tx (Area=212.52 pm?), which allows deriving information on
the energy distribution of surface states in a large part of the
silicon energy gap [12]]. The gate bias was increased from -
3.5 Vup to 0.5 V, superimposing a train of trapezoidal pulses
with amplitude AVg=2.5 V and rise/fall times in the range 8
ns-=-10 ms. S-CP consists in monitoring the two values of bulk
charge pumping current I, obtained with two different rise
times (t;; <t;») keeping the fall time t; constant, and vice versa.
The difference between the two I, values is proportional
to the energy band gap scanned by the gate signal. Calling
spectroscopic signal (S;) the energy window defined by t
and t,o, it can be demonstrated that:

Sf’(t'r‘lvtT’Q) = Icp(tr27tf) - Icp(trlatf)

tr
:queffDit(Eor)kBT'ln(t?>a (1)
rl
where g is the electronic charge, f the gate signal frequency,
Acyy is the effective area and D;¢(E,,) the interface density
associated to the mean energy level E,,, which is the energy
window defined by t,1 and t,.5:

Vi — Veg| (tr + tr2)
AVg 2

E,. = E;+ kgTIln |:O'p?}thn7; :l , (@

where o, is the capture cross section of holes, vy, the thermal
velocity of carriers and n; the intrinsic carrier concentration.
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Fig. 1. Sketch of a) Front-Side and b) Back-Side Illuminated Sensors. In c)
the process flows of FSI-CIS and BSI-CIS are shown.
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Fig. 2. Cross section of a BSI scribe line where the transistors under test are
located. Sketch of the TSV landing onto the M1.

Keeping the rise time ¢, constant and changing the fall times
between £y and tyo, one obtains in a similar way:

Sp(triste) = Lep(tr,tyr) — Lep(tr, ty2)

t
=qfActsDit(Eop)kpT - In (tﬁ) 3)

and

\Vr — Vep| (ty1 +tf2)

Eof = E;+kgTIn|o,vinn; AV 5

], “)

where Sy is spectroscopic signal associated to the energy
window t¢; and tfo , D;(E,y) the interface density associated
to the mean energy level E,y, corresponding to the same
window and o, is the electron capture cross section.

Using 0, = 0, = 0 =10" cm?, in the BSI we found a density
of interface states around mid-gap of 10'°-10'' cm2eV-!,
progressively increasing toward the band edges. This is shown

in Fig. [3

1013 F= T T
— 1012F ﬁ
ke A
i

11k

o £y, 4
S ook 4 &

109757 0 05

Trap Energy E(-E; [eV]
Fig. 3. Interface state density of the BSI configuration extracted from S-CP.

Then, we performed frequency resolved charge pumping
(f-CP), which is the extension of the CP technique to low
frequency. f-CP can characterize traps located close to the
Si/Si0, interface [13]]. It consists in performing multiple CP
measurements at various frequencies and monitoring I,. If
only fast interface traps are present, the recombined charge
per cycle Q.p = I,/ f is frequency-independent because all
the states in the pumping window can exchange carriers and
thus take a part in the charge pumping cycle. If border traps
are present, ()., increases with decreasing frequency, because
carriers tunneling from/to silicon can be captured/emitted. In
Fig. E}a, the measured I, values in BSI are drawn as a
function of signal frequency, while in Fig. @b the calculated
recombined charge for the two CIS configurations is displayed.
In the BSI configuration the charge exhibits an increase below
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the cut-oft frequency fy ~ 3 KHz, while in FSI it remains
approximatively flat in the whole frequency range. The trap
distribution can be extracted from f-CP data as a function of
the maximum tunneling distance x,,, by using literature models
based on elastic tunnel approximation [[14]:

B _# dQcp
Dt (xm) = gAAAE din(f) o
and
N .73
T = An ln( 57 ) (6)

where A is the gate area, AE is the energy swept at the
interface and )\, is the attenuation coefficient predicted by
the Wentzel-Kramers-Brillouin (WKB) theory. So, A,, can be
expressed as:

An = —o—s, )

being £ the reduced Planck’s constant, ®,, the tunneling barrier
and m, the effective electron mass. Calculations using eq.
for the Si/SiO, system yield A\,=10 nm. Fig. shows
the maximum tunneling distance z,, calculated in our case
according to eq. [6]as a function of the measurement frequency,
reaching a value x,, ~1.8 nm at f=100 Hz. In Fig. the
exponential trap density profile calculated by using eq. [5] and
[6] after uniform energy integration along the energy gap is
reported. The densities of oxide traps in FSI and BSI are
comparable going towards the interface (where the BSI density
is 10'°-10"" cm2eV!, as shown in Fig. [3), while they differ
consistently going inside over a tunneling distance from the
interface. The exponential interpolating equation is indicated
in the legend of Fig [5p for the BSI. It reaches the value of
2x10'7 ¢cm™ at 1.8 nm, three orders of magnitude greater than
in the FSI configuration. In conclusion, we can state that in BSI
a relevant density of border traps is present within a tunneling
distance, not found in FSI.

B. Noise Measurements

Noise characterization, especially at low-frequency, repre-
sents a real powerful diagnostic tool in MOS devices to in-
vestigate the quality of Si/SiO, interfaces and defectiveness of
gate oxides [[15H17]]. We performed low frequency noise (LFN)
measurements on the drain current in n-channel Tx (Area= 3.6
pum?), increasing the gate voltage from the threshold condition.
As shown in Fig. [f] the normalized Power Spectral Density
(PSD) of the drain current Sy, /I% in BSI shows the typical
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Fig. 4. a) Charge pumping current in BSI. b) Charge per cycle vs. frequency
obtained with f-CP.
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Fig. 5. a) Maximum tunneling distance calculated using eq. |§| assuming
o=1-10" cm? and v;,=2.2-107 cm-s'!. b) Border trap density extracted from
f-CP measurements (symbols) as function of the calculated distance from the
interface for BSI (red triangles) and FSI (yellow circles).

1/f7 flicker noise trend, with ~ ranging between 0.7 and 1.4.
According to literature, two different physical models explain
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Fig. 6. Normalized spectral density of the drain current noise in BSI
configuration as a function of frequency varying the overdrive.

the origin of the 1/f noise in the conductance of MOSFETs.
The number fluctuation model assumes that the fluctuations
originate from the random trapping and detrapping processes
of channel carriers in oxide traps located close to the interface
[18]]. The normalized drain current noise can be thus written
as:

2 TN, 2
Sr,  q¢°kTNy g, )

2 PWLCZ I3’
where ¢,, = Ip/(Ve —Vr) is the transconductance calculated
in linear region, IV, is density of traps in the gate dielectrics
within z,, and C,, the gate capacitance per unit area. The
frequency exponent ~y deviates from 1 if the oxide trap density
is not uniform in depth from the interface.
The mobility fluctuations model assumes that the noise is
due to fluctuations of the carrier mobility in the channel
through the variation of the cross section entering the collision
probability, likely due to phonon scattering [[19]. By using this
approach, the PSD of the drain current can be written as:

Sin _ qampesfVps

3, fWI2p ®

where oy is the so called Hooge parameter and pi.ry the
effective mobility. In our case, the model of carrier number
fluctuations holds, as outlined in Fig. [7Tp where the S;, /1%
values measured in BSI are displayed against I, with red sym-
bols, while the solid line represents the (g,,,/Ip)? dependence
and the dashed line the 1/1p dependence. The results indicate
a prevalence of the mechanism of carrier number fluctuations
due to trapping/detrapping, rather than fluctuations of carrier
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Fig. 7. a) Variation of the normalized drain-current noise versus drain

current for the BSI configuration. The solid line indicates a dependence on
(gm /I D)Q, the dashed line the linear dependence on 1/Ip. b) N; extracted at
the same frequency with eq. |§| against the vy coefficient.

mobility. In the carrier number fluctuations (eq. [8) there is
one completely free parameter, i.e. the total density of oxide
traps within x,=1.8 nm (N;), while the other parameter ()
varies between 0.7 and 1.4 in our case. Plotting the N, values
calculated at 100 Hz against the v coefficient in that range, one
obtains the curve drawn in Fig. for the BSI configuration,
where the average density of oxide traps within 1.8 nm is
around 10'® cm™. Comparing this result obtained from LFN
measurements with the trap distribution obtained with f-CP
technique (Fig. 5b) the agreement is very satisfactory, since
the density of traps obtained with LFN measurements includes
all the contributions, from the interface to 1.8 nm, while the
distribution drawn in Fig. @b increases from the interface to
1.8 nm, where it reaches the value 2x10'7 cm™.

Random Telegraph Noise (RTN) in small area transistors is
commonly attributed to random capture and release of carriers,
which cause a fluctuation between two or more levels in the
drain current. We performed RTN measurements on small
area n-channel Tx (A=0.064 umz) measuring the Ip current
in the bias condition Vpg=200 mV for different values of
Vov=V-Vr in the interval 100-300 mV. The experiment lasted
5 seconds. In FSI configuration the RTN could not be detected.
In the BSI configuration a switch between two main current
levels, namely Ip.pigh=4.625 pA and Ip.ow=4.575 pA (Alp=
50 nA) was clearly seen. A zoom of the traces are displayed
in Fig 8] The stay times in the high and low current levels are
indicated, respectively, with 75, and 7;.

L
L

Alp/lp (%)

0.06 0.12

Time [s]

Fig. 8. Zoom of the RTN traces recorded on a BSI sample with Vpg=200
mV, varying Voy from 100 to 300 mV.

Drawing the counts of 7, and 7; for each value of V,
as a function of time, one finds an exponential distribution,

as predicted by theory [20]. This is shown in Fig [9] for
Vov=100mV. We define 7, and 7 the characteristic times
extracted by the exponential fits of the type exp(—t/7,) and
exp(—t/71), drawn in the same figures. Fig. and|[T0p report
the 75, and 7; distributions for all the V,, values (symbols) and
the relative exponential fits (dashed lines), and in Fig. [TOf the
ratio between the extracted values of 7y, and 7 is displayed as
a function of the overdrive. Results indicate that 73, increases
with V,, while 7; decreases, so that the ratio 7,/ 7; increases
as well.

In other words, widening the channel and increasing the
number of carriers, Ip stabilizes at the high value. We can
conclude that, at each bias conditions, Ip.hgn is the stable
current level, while Ip_ o 1S an unstable level. We are in the
presence of a noise source which is appreciable only when
the channel carrier number is low and is negligible when
the channel carrier number is high, and carriers interact with
donor-like traps (positively charged when empty and neutral
when an electron is captured).

150

I data |
—fit

I data |
—fit

[
o
S

Th counts
T, counts

o
o

0.2 0.4 0.6 0 0.2 0.4 0.6
Time [ms] Time [ms]

Fig. 9. Distributions of a) high and b) low times for the RTN measured at
Vov= 100 mV and their exponential fits.
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Fig. 10. Distributions of a) the stay times 73, and b) 7; with the overdrive as
a parameter. ¢) Ratio between the extracted charachteristic high and low stay
times as a function of the overdrive.

III. CHARACTERIZATION BEFORE/AFTER THE BSI-LOOP

In this Section, we demonstrate that the additional border
traps found in the BSI configuration are created during the
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BSI-loop. To this aim, we stopped the BSI fabrication process
before the BSI-loop and, on the same sample, after the BSI
loop, performing Ip-Vg and Ig-Vg measurements on the n-
channel Tx (Area=3.6 um?). It is worth noticing that the BSI
process flow interrupted before the BSI-loop coincides with
the FSI process flow.

a) | b

1.1 1.2

Ip [a.u.]
—
—
M)

Ip [au]

After BSI loop With charge

Before BSI loop No charge R

0.6 0.8 1 T2 0.6 0.5 1 T2
Vg [V] Vg [V]

Fig. 11. a) Ip-Vg curves measured during the BSI process flow, after (red

line) and before (black line) the BSI-loop. b) Ip-Vg curves simulated with

Sentaurus TCAD when the distribution of positive charge drawn in Fig. E} is

present in the oxide (red line) and when no charge is present (black line).

In Fig. @ the two Ip-Vg curves measured at Vpg= 50
mV are reported. As one can see, after the BSI-loop, a
leftward translation of the curves takes places indicating the
presence of positive charge in the oxide, with a measured
shift of the threshold voltage AV1=23 mV. The capacitance
per unit area being C,,=5.08x10"7 F/cm?, the additional oxide
charge density (AQ) after the BSI-loop is AQ = 1.6x108
C/cm?. To confirm that this result is coherent with the border
traps distribution found with f-CP, we performed Sentaurus
TCAD simulations, using the structure depicted in Fig. [12]
In one case the oxide was ideal with no charge inside, in

Doping concentration [a.u.]

y [a.u]

0.4 02 0
X [pum]

Fig. 12. 2D cross-section of the device and the mesh used in Sentaurus TCAD

simulations.

the other case we introduced the exponential distribution
of positive charge drawn in Figip up to a distance z,,
=1.8 nm from the interface. The simulated Ip-Vg curves
are drawn in Fig. [IIp. As a result, simulations yielded a
shift AVrgm= 25 mV, in agreement with the measured shift.
Thus, we can definitely affirm that during the loop of wafer
flipping/bonding/thinning/VIA opening an exponential distri-
bution of positively charged border traps is created. The same
Ip-Vg curve shift corresponds to a charge centroid of 1.6-108
C/cm? at 1.7 nm from the Si/SiO, interface.

The Ig-Vg curves are drawn in Fig. @ As one can see,
after the BSI-loop the low field conduction is lower than
before. For example, defining the quantity R as the ratio
I vefore/ I after between the measured current values, at Vg=+1
we find R=6.76. Assuming that the low-field conduction is

| [—— Before BSI loop a) ] b) %

—— After BSI loop | Ec
| =
3 s I
- 1
— 1

1
1
Vg=+1V !
W —7)
0 0.5 1 5 A
Vg [V] 5.6 nm 1.7 nm

Fig. 13. a) Ig-Vg curves measured during the BSI process flow, before and
after the BSI-loop. b) Band diagram of the gate stack at Vg= +1 V when a
charge centroid is located at 1.7 nm from the Si/SiO; interface (red line) and
when no charge is present (black).

due to trap-assisted-tunnel (TAT) and having demonstrated that
trap density is higher after the BSI-loop than before, we can
explain this behavior of the gate current with a reduction of
the electric field after the BSI-loop. We made electrostatic
simulations of the gate stack before and after the BSI-loop.
In the first case, we assumed no charge inside the oxide. In
the second case, we introduced a positive charge centroid of
1.6x10® C/cm? at 1.7 nm from the Si/SiO, interface. Then, we
biased the capacitor with Vg= +1 V. The two band diagrams
are depicted in Fig. [[3p: the black line refers to the oxide
bending before the BSI-loop and the red line refers to the
oxide bending after the BSI-loop. The trap centroid is outlined
with the dashed red line. The potential distortion due to traps
has been emphasized for the sake of clarity. The calculated
profiles of the electric field in the same bias conditions are
reported in Fig. [[4h and Fig. [T4p versus the distance from the
Si/Si0, interface. In the case of no charge in the oxide (before
the BSI loop), the electric field is Ey=1.55 MV/cm. After the
BSI-loop, the electric field modifies: electrons injected from
the channel first tunnel a barrier of 1.7 nm in an electric field
which is 1.8% higher than E,, but then they have to pass
through a much thicker barrier (5.1 nm) with an electric field
which is 1.2% lower than Ey. Then, those field profiles have
been used for simulating tunnelling at Vg= +1 V, before and
after the BSI-loop. The 1.7 nm thick barrier after the BSI loop
is tunneled directly, while in the remaining 5.1 nm barrier and
in the 6.8 nm thick barrier before the BSI loop we assumed
TAT mechanisms. TCAD simulations indicated that adding the
charge centroid at 1.7 nm from the Si/SiO, interface reduces
the conduction. Simulations at Vg=+1 V yielded a value of the
ratio Rgp,= 6.56, in excellent agreement with the experiment
(R=6.76).

1.58 MV/cm

Eo=1.55 MV/cm

1.53 MV/cm

Electric Field [MV/cm]

Before BSI loop A After BSI loop

-8 -4 ) 4 8 -8 —4 0 4 8
Distance [nm] Distance [nm]

Fig. 14. Electric field profiles calculated in the case: a) no charge in the oxide
and b) 1.6-10® C/cm? at 1.7 nm from the Si/SiO, interface.
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IV. LIFETIME PREDICTION USING TDDB AND NBTI

In this Section, we discuss the prediction of lifetime made
after standard reliability tests of TDDB and NBTI on FSI and
BSI configurations.

TDDB measurements were performed on n-channel Tx at
125°C, applying a gate stress voltage Vgyess in the range +7
= +7.6 V.

For each Vs several samples were tested and the time-to-
breakdown was measured adopting the three criteria defined in
the JEDEC standard JESD92 [21]]. For each stress condition,
the fit of the Weibull distribution of the time-to-breakdown
values gave the corresponding Time-to Failure (TTF). Then,
the TTFs were plotted vs. Vgyess in a log-log scale and the
lifetime at the operating gate voltage was extrapolated with a
power law (E-model [22])).

NBTI measurements were performed on p-channel Tx at
125°C, applying Vyess in the range -3 + -4 V. Again, several
Tx were tested. Following the JEDEC standard JESD90 [23]],
in this case, lifetime is defined as the stress time required to
have a 10% shift of the nominal V. The Vr shift has a power
law dependence on the stress time and the lifetime value at
the operating gate voltage could be extrapolated.

Values of lifetime prediction averaged over 20 wafers are
shown in Tab.

TABLE I
LIFETIME PREDICTIONS FOR BSI CONFIGURATION RESPECT TO FSI.

TDDB lifetime NBTI lifetime
(average over 20 wafers)  (average over 20 wafers)
FSI (a.u) 1 1
BSI/FSI 103 0.067

The FSI configuration is our reference and its lifetime is

reported in arbitrary units. The BSI lifetime predicted after
TDDB test is 0.001 times that of FSI while after NBTT test it is
0.067. To understand the reason of this apparent incongruence,
we sketched the band diagram of the BSI gate stack during
the TDDB test (Vg=+7 V) in Fig. [[5h. The substrate is under
strong inversion and the oxide barrier is only 3 nm thick.
Therefore, in this case, the additional border traps consistently
enhance trap-assisted-tunnel through the barrier respect to the
case without traps. In consequence, the oxide degradation is
faster in BSI than in FSI. This is the reason why the lifetime
prediction based on TDDB is strongly sensitive to the presence
of border traps.
Regarding the NBTI on p-channel Tx, the n-doped substrate
is under inversion (see Fig. [I5b, Vg =-3 V). Surface holes
interact with the interface, breaking Si-H bonds and releasing
H* ions, which tend to migrate into the oxide creating new
traps. Here, the hydrogen ions, and not the surface carriers,
are mainly responsible for the oxide degradation. So, we
expect that Si-H bond breaking has the same rate in FSI and
BSI. Border traps can play a minor role in weakening the
surrounding bonds and thus favouring both the H* driven bond
rupture and the creation of new traps around them. This is
the reason why the lifetime prediction based on NBTI is less
sensitive to the presence of border traps.

Fig. 15. Band diagram of the BSI gate stack during (a) TDDB test (Vg=7
V), (b) NBTI test (Vg=-3 V).

V. CONCLUSIONS

We presented a systematic characterization of wafer-level
reliability dedicated test transistors in Back-Side-Illuminated
CMOS Image Sensors. Noise and charge pumping measure-
ments denoted the presence of donor-like border traps in
the gate oxide, which were absent in the Front-Side Illumi-
nated configuration. The trap density follows an exponential
dependence on the distance from the interface and reaches
the value 2x10'7 cm™ at 1.8 nm. Electrical measurements
performed at different steps during the manufacturing process
demonstrated that those border traps are created during the
process loop of the Back-Side configuration, consisting of
wafer upside flipping, bonding, thinning and VIA opening.
Traps warp the oxide electric field and shift the flat-band
voltage with respect to the Front-Side configuration, as if a
positive charge centroid of 1.6x10® C/cm? at 1.7 nm was
present in Back-Side configuration, altering the drain and
gate current curves. Experimental results were successfully
simulated using commercial TCAD once that trap distribution
was introduced in the oxide.

We found that the donor-like border traps affect also the
Back-Side device long term performance. Time Dependent
Dielectric Breakdown and Negative Bias Temperature Insta-
bility measurements were performed to evaluate lifetime. As
expected, the role of border traps in the lifetime prediction
is different in the two cases, but the reliability degradation
of Back-Side with respect to Front-Side-Illuminated CMOS
Image Sensors is evident in any case.

REFERENCES

[1] R. Fontaine, “The evolution of pixel structures for consumer-
grade image sensors,” IEEE Transactions on Semiconductor
Manufacturing, vol. 26, no. 1, pp. 11-16, 2013.

[2] A. El Gamal and H. Eltoukhy, “Cmos image sensors,” IEEE
Circuits and Devices Magazine, vol. 21, no. 3, pp. 620, 2005.

[3] R. Fontaine, “Recent innovations in cmos image sensors,’
in 2011 IEEE/SEMI Advanced Semiconductor Manufacturing
Conference, IEEE, 2011, pp. 1-5.

[4] S. Chieh, G. Agranov, H. Tian, C. Baron, H.-W. Lee, and
R. Madurawe, “Challenges and opportunities in small pixel
development for novel cmos image sensors,” in 2013 Interna-
tional Symposium on VLSI Technology, Systems and Application
(VLSI-TSA), 1IEEE, 2013, pp. 1-2.

[5] C. Cavaco, L. Peng, F. Sebaai, G. Verbinnen, J. Visker, J.
Olmen, D. S. Tezcan, and H. Osman, “On the fabrication
of backside illuminated image sensors: Bonding oxide, edge
trimming and cmp rework routes,” ECS Transactions, vol. 64,
no. 40, pp. 123-129, 2015.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JEDS.2020.2986729, IEEE Journal of

the Electron Devices Society

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER <

[6] H Rhodes, D Tai, Y Qian, D Mao, V Venezia, W. Zheng,
Z Xiong, C. Liu, K. Ku, S Manabe, et al., “The mass production
of bsi cmos image sensors,” in International Image Sensor
Workshop, vol. 2009, 2009, pp. 27-32.

[7]1 A Lahav, A Fenigstein, and A Strum, “Backside illuminated
(bsi) complementary metal-oxide-semiconductor (cmos) image
sensors,” in High Performance Silicon Imaging, Elsevier, 2014,
pp. 98-123.

[8] R. J. Gove, “Cmos image sensor technology advances for
mobile devices,” in High Performance Silicon Imaging, Elsevier,
2020, pp. 185-240.

[9] J. P. Gambino, H Soleimani, I Rahim, B Riebeek, L Sheng,

G Hosey, H Truong, G Hall, R Jerome, and D Price, “Device

reliability for cmos image sensors with backside through-silicon

vias,” in 2018 IEEE International Reliability Physics Sympo-
sium (IRPS), IEEE, 2018, 5B-6.

A Vici, F Russo, N Lovisi, L Latessa, A Marchioni, A Casella,

and F Irrera, “Through-silicon-trench in back-side-illuminated

cmos image sensors for the improvement of gate oxide long
term performance,” in 2018 IEEE International Electron De-

vices Meeting (IEDM), IEEE, 2018, pp. 32-3.

E. Simoen and C. Claeys, Random telegraph signals in semi-

conductor devices. IOP Publishing, 2016.

G. Groeseneken, P Heremans, H. Maes, et al., “Spectroscopic

charge pumping: A new procedure for measuring interface trap

distributions on mos transistors,” IEEE Transactions on Electron

Devices, vol. 38, no. 8, pp. 1820-1831, 1991.

J. Autran, B Balland, and G Barbottin, “Charge pumping

techniques: Their use for diagnosis and interface states studies

in mos transistors,” Instabilities in Silicon Devices, vol. 3,

pp. 405-493, 1999.

R. E. Paulsen and M. H. White, “Theory and application of

charge pumping for the characterization of si-sio/sub 2/interface

and near-interface oxide traps,” IEEE Transactions on Electron

Devices, vol. 41, no. 7, pp. 1213-1216, 1994.

Y. M. Ding, D. D. Misra, and P. Srinivasan, “Flicker noise

performance on thick and thin oxide finfets,” IEEE Transactions

on Electron Devices, vol. 64, no. 5, pp. 2321-2325, 2017.

G. Ghibaudo and T Boutchacha, “Electrical noise and rts fluctu-

ations in advanced cmos devices,” Microelectronics Reliability,

vol. 42, no. 4-5, pp. 573-582, 2002.

E. Simoen and C. Claeys, “On the flicker noise in submicron

silicon mosfets,” Solid-State Electronics, vol. 43, no. 5, pp. 865—

882, 1999.

A. McWhorter, “Semiconductor surface physics,” Univerisity of

Pennsylvania Press, Philadelphia, PA, pp. 207-228, 1957.

F. Hooge, “1/f noise,” Physica B+ C, vol. 83, no. 1, pp. 14-23,

1976.

M. Kirton and M. Uren, “Noise in solid-state microstructures:

A new perspective on individual defects, interface states and

low-frequency (1/f) noise,” Advances in Physics, vol. 38, no. 4,

pp- 367468, 1989.

Standard JEDEC, JESD92, 2003.

J. McPherson and H. Mogul, “Underlying physics of the ther-

mochemical e model in describing low-field time-dependent

dielectric breakdown in sio 2 thin films,” Journal of Applied

Physics, vol. 84, no. 3, pp. 1513-1523, 1998.

Standard JEDEC, JESD90, 2004.

[10]

(11]

(12]

(13]

(14]

[15]

[16]

(17]

(18]
(19]

[20]

[21]
[22]

(23]

Andrea Vici received the M.S. degree cum laude in Nanotechnology En-
gineering from Sapienza University of Rome, Italy, in 2018. In 2019 he
was a Research Fellow with the same University on experimental techniques
for the study of reliability in VLSI technology, presenting his results at
major conferences, including IEDM and ESSDERC. He is now with IMEC
and the Katholieke Universiteit Leuven, Belgium, for a doctoral program in
Engineering Science.

Felice Russo received the M.S. degree in nuclear physics from University
of Naples Federico II, Italy, in 1990, with a thesis conducted at the CERN
of Geneva. In 1996, he joined Texas Instruments, Avezzano, Italy, where he
was an elected Member of Technical Staff (MTS). Since 1998 he has been
with Micron Technology where in 1999 became Senior MTS. He is currently
responsible of Data Mining, Reliability and device performance teams. His
interests and skills are in Yield modeling, Hot pixels, Metallic Contamination,
Machine Learning, FDC-PHM, VM, Plasma damage and antenna structures,
WLRC, Physics Device.

Nicola Lovisi received the B.S. degree in Electrical Engineering from
University of Naples Federico II, Italy, in 2004. Since 2005 he has been with
Micron Technology, Avezzano, Italy, working as Parametric Test Engineer.
He is currently responsible of WAT and Electrical characterization group
in LFoundry. His current research interests include reliability in CMOS
technology, CMOS Image Sensors, gate oxide integrity and electrical noise.

Aldo Marchioni received the M.S. degree in Electronic Engineer from
Sapienza University of Rome, Italy, in 1990. From 1995 to 2003, he worked
as Process Reliability Engineer in Texas Instruments and then in Micron
Technology, Avezzano, Italy. From 2003 to 2010 he joined the Failure and
Electrical Analysis department. From 2010 to 2017 he worked as Yield
and Data Analysis engineer in the Process Integration Enhancement team.
Currently he is working as WAT and Electrical Characterization engineer in
LFoundry.

Antonio Casella received the M.S. degree in Electronic Engineering from Tor
Vergata University of Rome, Italy, in 1995. From 1995 to 1998, he was with
Texas Instruments, Avezzano, Italy, as Random Defect Analysis Engineer.
From 2000 to 2010 he worked in Micron Technology as Probe Parametric
Engineer and, in 2010, he joined the Wafer Level Reliability team. Currently
he is responsible for the laboratory activities and reliability accelerated tests
in LFoundry.

Fernanda Irrera joined the Sapienza University of Rome, Italy, in 1989,
where she is a full professor and the responsible for the Micro- and Nano-
Electronic Devices Laboratory. She coordinates the IEEE-EDS Italy Chapter
and is member of the consortium Italian University NanoElectronics Team
(IU.NET). She published more than 150 papers on international journals and
conference proceedings. Her current research interests include reliability in
CMOS technology and wearable electronics for medical applications.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.



