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According to the trend towards high-resolution CMOS image sensors, pixel sizes
are continuously shrinking, towards and below 1.0μm, and sizes are now 
reaching a technological limit to meet required SNR performance [1-2]. SNR at
low-light conditions, which is a key performance metric, is determined by the
sensitivity and crosstalk in pixels. To improve sensitivity, pixel technology has
migrated from frontside illumination (FSI) to backside illumiation (BSI) as pixel
size shrinks down. In BSI technology, it is very difficult to further increase the
sensitivity in a pixel of near-1.0μm size because there are no structural obstacles
for incident light from micro-lens to photodiode. Therefore the only way to
improve low-light SNR is to reduce crosstalk, which makes the non-diagonal 
elements of the color-correction matrix (CCM) close to zero and thus reduces
color noise [3]. The best way to improve crosstalk is to introduce a complete
physical isolation between neighboring pixels, e.g., using deep-trench isolation
(DTI). So far, a few attempts using DTI have been made to suppress silicon
crosstalk. A backside DTI in as small as 1.12μm-pixel, which is formed in the
BSI process, is reported in [4], but it is just an intermediate step in the DTI-
related technology because it cannot completely prevent silicon crosstalk, 
especially for long wavelengths of light. On the other hand, front-side DTIs for
FSI pixels [5] and BSI pixels [6] are reported. In [5], however, DTI is present not
only along the periphery of each pixel, but also invades into the pixel so that it is
inefficient in terms of gathering incident light and providing sufficient amount of
photodiode area. In [6], the pixel size is as large as 2.0μm and it is hard to scale
down with this technology for near 1.0μm pitch because DTI width imposes a
critical limit on the sufficient amount of photodiode area for full-well capacity.
Thus, a new technological advance is necessary to realize the ideal front DTI in
a small size pixel near 1.0μm.

In our work, a small pixel with fully surrounding and full-depth DTI is 
demonstrated. As shown in Fig. 7.1.1, in the conventional 2-dimensional (2D)
pixel structure, if DTI is placed along the periphery of each pixel, the effective
photodiode area is reduced by the amount of DTI width in addition to the fixed
pixel transistor area. In a pixel size near 1.0μm, there is little area remaining for
a photodiode and full-well capacity. In this paper, to overcome the small 
photodiode fill factor by the presence of DTI, a vertical transfer gate (VTG) and
buried photodiode are combined with front DTI technology, forming a 3-
dimensional (3D) pixel, which is realized in a single wafer, contrary to the 
previous silicon stack structure [7]. In this 3D pixel, transistors and photodiode
are separated. Transistors are present in the silicon surface plane, as in 
conventional 2D pixels, but the photodiode is placed and buried beneath the
transistor plane. A VTG connects both planes (photodiode and transistors) and
thus accumulated charges in the buried photodiode can be transferred vertically
into the floating-diffusion node in the transistor plane. Moreover, photodiode fill
factor is increased to over 70%, compared with 50% for conventional pixels, due
to the separation of photodiode and transistor planes. This vertical structure is
the key to realize front DTI in a small pixel size of around 1.0μm.

Figure 7.1.2 illustrates the front DTI pixel structure, comparing it to that of a 
conventional pixel. The pixel has a DTI-introduced physical isolation barrier to
prevent optical and electrical crosstalk, as well as blooming between 
photodiodes. Prevention of optical crosstalk by relying on the total internal
reflection of DTI is illustrated. Moreover, there is no blooming due to inherently

perfect electrostatic isolation of DTI, so that there is no need for a blooming path
in the photodiode design, and thus the potential height of the photodiode full well
is increased, even with the maximum potential of the photodiode remaining as
low as around 1.0V, lower than that of a conventional pixel (1.7V). This accounts
for the low-voltage operation of the VTG. A cross-sectional view of the fabricated
1.12μm 3D DTI pixel is shown in Fig. 7.1.2. For this 3D pixel, 2 different process
modules are added into the conventional BSI pixel process. First, a narrow DTI
is formed by etching silicon along the periphery of each pixel and filling it with
oxide and polysilicon for optical and electrical isolation, and total internal 
reflection of light. Second, a vertical cylindrical hole in the middle of the pixel is
etched away from the silicon surface, deep into the buried photodiode. After that,
conventional pixel processes are followed and then in the backside grinding
process step, backside silicon is grinded away to the bottom of front DTI so that
each pixel is isolated in all directions. 

Figure 7.1.3 shows the normalized QE spectrum of the fabricated 1.12μm 3D DTI
pixel compared with that of a conventional BSI pixel. A crosstalk of 12.5%, in the
presence of front DTI, is measured, while that of conventional BSI is 19.0%.
With this reduced crosstalk, the YSNR10 is greatly improved, compared with a
conventional BSI. YSNR10 is measured by applying white balance and CCM to
capture raw images from an 18% gray patch under 3200K light source and F/2.8
lens [8]. Also, the evaluation of angular responses shows that the front DTI pixel
has better crosstalk and relative illumination characteristics as incidence angle
increases than the conventional pixel, which allows use of a low F-number lens
for higher sensitivity as well as lower module height.

Figure 7.1.4 presents the measured electrical and dark characteristics in a front
DTI pixel compared with those of a conventional pixel. First, full-well capacity of
6,200e- in a DTI pixel is measured as 24% larger than for a conventional one,
from the photon-transfer-curve. Second, blooming is not observed even at 
highly negative TG bias due to the DTI potential barrier. Third, an almost zero lag
is measured while reducing TG high voltage as low as 2.5V. In general, the deep-
trench etching process might cause a degradation in dark characteristics. To
avoid such degradation, careful cleaning and passivation processes are applied
along the silicon and DTI interface. A dark current of 6e-/s is achieved and similar
white spot counts to those of a conventional BSI pixel are observed.

The sensor performance is summarized in Fig. 7.1.5. YSNR10 is improved down
to 105 lux and full-well capacity is increased up to 6,200e-, which are 30% and
24% improvements, respectively, while maintaining overall dark characteristics
as low as the conventional pixel. Figure 7.1.6 is a reproduced image at 1/4-inch
8Mpixel CIS with front DTI 3D pixel. The measured SNR of the front DTI 3D pixel
is 2.0dB higher than that of the conventional one at both high- and low-
illumination conditions.

In summary, a small 3D backside-illuminated pixel having fully surrounding
front-side deep trench isolation and a vertical transfer gate is developed.
YSNR10 of as low as 105lux at F/2.8 lens is achieved due to inherently zero 
silicon crosstalk using deep trench isolation, and full-well capacity of as high as
6,200e- is reached using a vertical transfer gate and buried photodiode. This
pixel is successfully demonstrated in a 1/4-inch 8Mpixel CMOS image sensor.
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Figure 7.1.1: 3D pixel with DTI, VTG, and buried PD. Figure 7.1.2: Concept, operation, and structure.

Figure 7.1.3: Optical characteristics.

Figure 7.1.5: Sensor performance table. Figure 7.1.6: Reproduced image.

Figure 7.1.4: Electrical and dark characteristics.
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Figure 7.1.7: The chip micrograph.


