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Abstract—This study investigates the inter-tier coupling, 
for a Back-Side Illuminated (BSI) 4-Transistor (4T) pixel with 
its diode and Transfer Gate on the bottom tier and the rest of 
its circuitry on the top tier of a 3D Sequential Integration 
(3DSI) process. Variations due to coupling are compared with 
variations due to temperature, showing that both effects may 
result in a readout error of the same order of magnitude for 
the top-tier readout circuit. Nevertheless, we demonstrate that 
in a typical rolling readout, the sequence of the pixel control 
signals makes the coupling effect nearly negligible. As a result, 
we suggest that the fabrication of an inter-tier ground plane 
for electrical isolation is not strictly necessary for Monolithic 
3D pixels when the readout top tier is directly stacked on the 
photodiode bottom tier. 

Keywords—Image sensors; 3D pixels; 3D sequential 
integration; 3DSI; Monolithic 3D; M3D; Coupling;  

I. INTRODUCTION 

CMOS Image Sensors (CIS) have been dominating the 
consumer electronics market over the last decade thanks to 
the development of Pinned Photodiodes (PPD). This 
breakthrough invention, in conjunction with a lower cost 
fabrication, higher data rates as well as a limited power 
consumption, have made CIS a more appealing choice than 
the Charge-Coupled Devices (CCD), which were the 
primary choice for imaging applications in earlier years. 

Within the More than Moore context, 3D CMOS Image 
Sensors enable the possibility of smarter and more advanced 
sensors through the co-integration of different blocks 
(Analog, Digital, RF) in various tiers. Although 3D stacking 
technologies have been used for 3D CIS [1], [2], constraints 
of traditional 3D stacking alignment capabilities forbid the 
more aggressive pixel miniaturization required for future 
generations of CIS [3], [4]. This drawback can be overcome 
by using 3D sequential integration (3DSI - also named 3D 
monolithic integration or 3D VLSI), an emerging 
technology where the stacked tiers are fabricated 
sequentially on top of each other [5]. This process yields to 
outstanding high-density-contacts between the tiers (up to 
108 3D via/mm2) owing to the high alignment precision 
obtained with lithography steppers [6], [7], compared to 
packaging integration schemes (TSV, copper to copper 
bonding etc.). Therefore, this technology can enable the 
system partitioning in different processing blocks with high 
inter-connectivity and low latency. 

A major challenge for the sequential processing is the 
limited thermal budget for the fabrication of the stacked 
devices. To date, Low Temperature (LT) devices have been 

successfully processed for Low-Voltage (LV) [7] as well as 
High-Voltage (HV) [8] applications. In particular, the 
feasibility of BSI CIS with miniaturized pixels realized in 
3DSI has been investigated in [4]. 

Another important issue concerning the performance of 
3DSI circuits is the electrical coupling between the 
sequential tiers due to the Inter-Layer Dielectric (ILD) that 
acts as a Back Gate (BG) oxide for the top stacked devices. 
Consequently, if no inter-tier Ground Plane (GP) is 
introduced, the top devices behave in fact as asymmetrical 
SOI MOSFETs, sensitive to the bottom tier electrode 
voltage variations. The scope of this study is to analyze the 
immunity of HV analog devices with VDD=2.5V in the top 
tier when the bottom tier electrode voltage variations can go 
up to VDD=2.5V, for a BSI 3D pixel. With the aid of TCAD 
simulations [9], a comparison against the impact of 
temperature variations on the top-tier stacked devices will 
be used to draw a conclusion on the necessity to introduce 
an inter-tier Ground Plane. 

II. INTER-TIER COUPLING AT DEVICE LEVEL 

A. Simulation Setup 

For the TCAD simulation setup we consider the cross-
section illustrated in Fig.1(a). It consists of a 4T pixel 
partitioned in two tiers, the PPD and the Transfer Gate (TG) 
at the bottom whereas the readout transistors are placed at 
the top. The two tiers are separated by a 200nm thick ILD, 
and a 3D contact connects the Sense Node (SN) with the 
drain of the Reset (RST) transistor and the gate of the 
Source Follower (SF). In the most critical case of inter-tier 
coupling, each one of the top devices is placed above the TG 
electrode as shown in Fig.1(b).  

 

      
Fig. 1. a) Cross-section of 4T pixel, partitioned in 3D Sequential 
Integration. (b) In the most critical case, the top device is placed right 
above the TG electrode carrying a voltage that can go up to VDD=2.5V. 

  a.               b. 



 

B. Impact on electrical parameters 

The Transfer Gate placed at the bottom tier toggles from 
0V to VDD and vice versa. This voltage node is coupled via a 
capacitive path to the exposed top device channel resulting 
in a shift of the ID-VG characteristics, as seen in Fig.2(a). 
This is a non-linear effect that becomes more evident in the 
sub-threshold region and slightly decreases to a fixed value 
when the device operates in strong inversion [10]. 
Extracting the threshold voltage shift due to the TG voltage 
bias sweep from -2.5V to 2.5V (Fig.2(b)), we obtain the 
back-bias efficiency γ from the slope, 35mV/V for NMOS 
and 42mV/V for PMOS. 

In order to assess the impact of the TG coupling on the 
top tier device, we chose to compare it against the 
temperature dependence of the device electrical 
characteristics. Unlike the capacitive coupling, the effect of 
temperature has a complex behavior depending on the gate 
voltage VG. As seen in Fig.3(b), increasing the temperature 
of the device from 253K to 353K (-20°C to 80°C) – 
extended temperature range in commercial electronics – we 
observe an increase of the subthreshold conduction current 
as well as a decrease of the saturation current while there is 
a gate voltage around threshold for which the drain current 
remains constant. This behavior is attributed to the increase 
in carrier concentration with temperature for low gate bias, 
as opposed to the decrease in carrier mobility for high gate 
bias [11]. At a specific VG these two mechanisms are 
counterbalanced resulting in the Zero Temperature 
Coefficient (ZTC) point [12]. 

The impact of both coupling and temperature variations 
can be expressed through the change in the device electrical

 

 

 

parameters, i.e., the Threshold Voltage (VTH), OFF-state 
current (IOFF) and the ON-state current (ION). 

Fig.4 shows the comparison of the extracted parameters 
for the two effects. It is evident that they are roughly in the 
same order of magnitude whereas the slight prominence of 
the coupling impact regarding the Threshold Voltage Shift is 
due to the decrease of the temperature impact near the ZTC 
point at VTH. For switch transistors the most important 
parameter is the leakage current IOFF which is shifted 
significantly with the TG coupling. The latter can be critical 
for memory blocks placed at the top-tier above the TG. 

III. INTER-TIER COUPLING AT PIXEL LEVEL 

A. Simulation Setup 

Our 4T pixel contains the NMOS-TG as well as the 
RST, SF and RS in a PMOS circuit configuration shown in 
Fig.5(a). The SF is an amplifying transistor connected in 
common drain configuration with an approximate gain of 
unity. Fig.5(b) shows the chronogram of the 4T pixel 
readout operation. During the readout, the Sense Node (SN) 
is reset, then the TG is switched ON allowing photo-
generated electrons to diffuse to the sense node. The 
accumulated electrons cause a voltage drop at the input of 
the SF resulting in nearly the same voltage drop at its 
output. 

The Conversion Gain (CG in µV/e-) evaluates the 
efficiency of this mechanism and is given by [13], 

𝐶𝐺 =
𝑞𝐺

𝐶 + 𝐶 + (1 − 𝐺 )𝐶
 (1) 

where q is the elementary charge, GSF is the SF gain, CSN is 

   
Fig. 2. (a) Impact of TG coupling (VTG=0-2.5V) on the input 
characteristics for NMOS and PMOS devices (b) Extracted threshold 
voltage shift versus TG voltage bias (-2.5V to 2.5V with 0.5V step). 

-120

-80

-40

0

40

80

120

-3 -2 -1 0 1 2 3

T
h

re
sh

o
ld

 V
o

lt
a

g
e 

S
h

if
t 

(m
V

)

VTG (V)

TG

TOP SOI

0 1 2

D
ra

in
 C

u
rr

e
n

t 
(A

)

Gate Voltage (V)

VTG
VTG

NMOS

PMOS

a. b.

NMOS

PMOS

10-15

10-3

10-7

10-11

    
Fig. 3. Impact of coupling (a) and temperature variation (b) on the top-tier 
SOI input characteristics. 
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Fig. 4. Comparison of top-tier NMOS and PMOS electrical parameter 
variations due to TG coupling and due to a 100K temperature increment. 
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Fig. 5. (a) 4T pixel readout circuit (b) Chronogram of a readout cycle. 
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the sum of parasitic capacitances at the SN node and CGS, 
CGD are the gate to source and gate to drain capacitances of 
the SF. 

The gain GSF of the SF is expressed as: 

𝐺 =
𝑔 ,

𝑔 ,

=
1

𝑛
 (2) 

where gm,SF and gms,SF are respectively the gate and source 
transconductances and n is the body factor of the source 
follower. In the case where the BG of the SF can be tied to 
the source then the gain is approximately equal to unity, 
otherwise it is process- dependent and is given by n=1+γ, 
where γ is the back-bias efficiency. As the ILD thickness is 
increased, n approaches unity. In our case, for the γ values 
extracted in the previous section, the gain GSF of the NMOS 
device is 0.97 and for a PMOS one is 0.96. 

The cutoff frequency (fc) of the SF is given by [13]: 

𝑓 =
𝑔 ,

2𝜋 ∙ 𝐶 , ∙ 𝐺
 (3) 

where Cout,SF is the capacitance seen at the source of the SF, 
that is the column-level capacitance if there is no other stage 
in between. 

Parasitic extraction was performed concerning a single-
tier (2D) and a two-tier layout (3D) implementation of our 
pixel as illustrated in Fig. 6, to evaluate the impact of the 
latter on CG and fc. The parasitic capacitances contributing 
to CSN, CGD, CGS, Cout,SF and also the CG are presented in 
Table I. As evaluated, the sum of CSN and CGD as well as 
CGS are slightly enhanced by 48aF and 44aF respectively. 
An even smaller increase of 10aF for the column-level 
capacitance is obtained. This shows a negligible difference 
in the conversion gain and the AC response of the 3D pixel 
(yielding in a ΔCG of 0.377μV/e- and a Δfc of 0.244Hz) 
compared to the one processed in planar SOI technology as 
long as the BOX (equivalently the ILD in 3DSI) thickness is 
the same. The low 3D impact on the CG also implies that 
noise performance will not be deteriorated. 

B. Impact of TG coupling on pixel electrical parameters 

Fig. 7 shows the voltage at the output of the in-pixel SF 
transistor versus the number of photo generated electrons at 

TABLE I.  2D VS 3D PARASITIC CAPACITANCES & CG 

 CSN + CGD [fF] CGS [fF] Cout,SF [pF] CG (μV/e-) 

2D 4.432 1.093 2 34.319 

3D 4.48 1.137 2 33.942 

 
the sense node for the voltage bias limits of the bottom tier 
TG  (0V-2.5V). The conversion gain is the slope of the latter 
and is not altered with the TG coupling. The constant vertical 
shift can be considered as an offset that can be easily 
corrected during the readout process. 

To evaluate the impact of the TG coupling on the pixel 
readout operation, we simulated a readout cycle as the one 
shown in Fig.5(b). We examined two cases, one where the 
SF is placed at the top-tier above a TG which belongs to the 
same pixel as in (Fig.8(a)), and one for which the SF is 
placed above a TG of an adjacent pixel, illustrated in 
Fig.8(b). In the first case the TG switches ON during the 
transfer of e- from the PPD to the SN and the sampling is 
thus performed at t1, t2 without resulting in a readout error. In 
the second case, where the TG switching is not synchronized 
with the top-tier SF device, the sampling value may be 
compromised due to the TG switched ON. 

Fig.9(a) shows the readout error resulting from the non-
corresponding TG-SF case versus the number of photo 
generated electrons at the sense node, for three bias currents 
of the SF, from low to medium. As expected, a low SF bias 
current at low light intensity can maximize the readout error 
at the output of the SF. To assess the strength of this error we 
compared it with the readout error caused by temperature 
variations (253K - 353K), with the impact of the latter shown 
in Fig.9(b).  As observed, the temperature effect is in the 
same order of magnitude and for low SF bias current it can 
even be worse than the coupling effect. However, because it 
remains constant with light intensity it is easier to 
compensate for it later in the circuit. 

   
Fig. 6. Shared pixels at photodiode layer: 2D (a.) vs. 3D (b.). Photodiode 
area (in grey) is increased by 44% when the three readout transistors are 
placed at the top tier. Courtesy of [4].     

Fig. 7. Output voltage of the in-pixel SF transistor versus the number of 
photo generated electrons at the sense node for the voltage bias limits of 
the bottom tier TG (0V-2.5V). The slope gives the conversion gain that is 
not altered with the TG coupling. 
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Fig. 8. (a) For SF above a TG of the same pixel, the TG switches ON 
during the transfer of e- from PPD to the SN. The sampling is thus 
performed at t1, t2 without readout error (b) In the scenario of a SF placed 
above a TG of an adjacent pixel, the sampling can contain erroneous value 
due to TG coupling. 
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C. Inter-tier Ground Plane necessity 

Recent studies [14], [15] have examined the feasibility of 
integrating an inter-tier Ground plane in 3DSI that can act as 
an efficient decoupling layer between sensitive tiers. The 
necessity for an inter-tier Ground Plane integration results 
from the specifications targeted for each application and is 
eventually a trade-off between the process complexity and 
the inter-tier coupling sensitivity. For example, an inter-tier 
Ground Plane has been shown to reduce the vertical static 
coupling by five orders of magnitude [15]. 

Fortunately, in a typical rolling readout, each row of a 
pixel array is enabled sequentially, so there is no overlapping 
of timing diagrams for adjacent pixels. Consequently, there 
is no probability of a readout error due to TG coupling. 
Moreover, the Correlated Double Sampling (CDS) stage that 
exists commonly after the readout circuit, eliminates possible 
readout errors. This means that even with no intermediate 
isolating Ground Plane, the Monolithic 3D Imager readout is 
immune to inter-tier coupling effects. However, if additional 
blocks are intended to be placed above the photodiode area, 
like in-pixel frame memory where the leakage current is a 
significant parameter, then an inter-tier GP is mandatory. 

IV. CONCLUSIONS 

A simulation study of inter-tier coupling-induced effects 
in a PMOS pixel realized in 3DSI has been presented. At a 
device level it is shown that the impact of the TG coupling 
can result in an alteration of the electrical parameters as 
significant as the one resulting from a temperature variation 
of 100 degrees, especially for switch transistors for which 
leakage is a critical parameter. Regarding the in-pixel SF 
transistor at circuit level, it was shown that there is 
negligible impact on the conversion gain and the AC 
performance due to the 3DSI compared to a planar one. 
Furthermore, the SF-TG coupling can result in a readout 
error only when the SF is placed above a TG of an adjacent 
pixel, therefore not synchronized with the pixel readout. 
However, in a typical rolling readout this is not possible due 
to the sequential pixel activation. Moreover, possible 
readout errors are eliminated if a CDS stage in included 
after the readout circuit. Consequently, we demonstrated 
that despite the strong electrical coupling and consequently 
high ΔVTH (~100mV) for top-tier devices, there is an 

inherent readout error immunity of a sequentially integrated 
3D CIS. 
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Fig. 9. Readout error of the in-pixel SF transistor versus the number of 
photo generated electrons at the sense node resulting from (a) the SF-TG 
coupling of Fig.7(b), and (b) the sensor temperature variation. 
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