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Abstract-We present performance of image sensor = = =)

pixel with the structure of surface-limited local | T Ty~ Ty" ot

trench array to achieve backside scattering — PXe! I TGI I I I I
technigue (BST), to enhance quantum efficiency of e Tf 1
CMOS image sensor, especially at near-infrared | epi-si i~ o
wavelength. The pixel with BST structure of ogic[ 5. 5% % == 5 =
selection is demonstrated to exhibit significant wafer }'I'- :L'l'-- ~ Tem :Lf-'
improvement of quantum efficiency at 940nm, 1.5 - @ b)

times higher than that of pixel without BST, with
acceptable inter-pixel cross-talk.
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I. INTRODUCTION .TI‘.S i LG 1
The need of CMOS image sensor (CIS) with ;r"-' ;r'l' x T
elevated quantum efficiency (QE) at near infrared = = = E - -
(NIR) wavelength is growing rapidly. To enhance :L'F- :L'I'- - :Lf_ :L'f- =
NIR QE, it is essential to increase the opticahpat © )

length and scattering probability inside the pixel,

henc;et th_e use of thld.( Si epi-layer as Wel.l aéigure 1. Fabrication flow of pixel array contaig
modification of photodiode surface to achievesgt the ARL  metal layers, and inteyel

backside scattering technique (BST) are viablgiaiectrics are marked with sky-blue, blacknc
options [1]. Following our continuing efforts to light-yellow, respectively.

maximize the performance and functions of our

global shutter pixel sensor [2], we have invesidat

optical characteristics of pixels with BST for NIR

imaging as presented in this study. We used pixel ML A vV—v

and process of full-depth front-side deep trench

isolation (FDTI) together with vertical transfertga

[3], preferable for the formation of thick ARL = - 17
photodiode, as the reference architecture of : :
comparison.

Il. FABRICATION AND EXPERIMENTAL

A 1/5-inch stacked sensor with 1.0Mpixel array of
2.3 um pixel is fabricated using standard 28 nm rpTI.| Si-PD
logic- and 1-poly 6-metal 65 nm (FEOL) / 45 nm

(BEOL) pixel- processes for CIS, with a process

flow as in Figure 1. Wafers of logic, and FDTI

pixel array are prepared separately as in Fig.1 (a) I
The pixel- and logic- wafers are bonded as in Fig.1 s — b e b1

(b): Electrical contact between pixel- and logic- . — .
wafers is made by Cu-Cu contact by inter-wafer vifigure 2. Vertical schematic of 28 FDTI pixe

(not shown). After proper epi-Si thinning processtontaining BST  (left), reproduced after ft
integration (right).
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Figure 4. Light power profile, without (a) and w
Figure 3.Plan view SEM images obtained a (b) Dshape BST calculated from FDTD simula
formation of BST before ARL filling, at the step for 940nm wavelength light. To check ligh
Fig.1 (c). Normalized BST area is givan the propagation into neighboring pixels, light incide
parenthesis. Details of B- and Ghape BS into periphery pixels are blocked.
structures are not given.

Figure 5 shows a typical example of spectral QE,
comparing between pixels with- and without- BST:
Over the whole range of wavelengths, pixel with
ST shows higher QEs than those of pixel without
ST, except in visible wavelength from 550 nm to
50 nm in which the two pixel shows similar QE.
his feature is observed with the all the pixels of
ST structures shown in Fig.3.

igure 6 summarizes relation betweenqgk and

BST structures, a fewum deep surface-limited

trench is etched, followed by filling with anti-
flection layer (ARL) providing optimal optical
transmittance as well as suppressing dark curre
on the Si-photodiode surface as in Fig. 1 (c)
Deposition of planarization layer and formation o
micro-lens (ML) array follow as in Fig.1 (d), lagtl
Figure 2 shows cross sectional TEM photograph

pixel with BST after full fabrication. All the pixe
constituents, including deep photodiode with FDT ST surface area of selected BST structures of
filed with isolating oxide and doped poly Si. as 193, Significant Qionm improvement of pixels

9 pec POy S, aS, i BST is noticed, and Qkonm of C-shape BST

well as BST, are well reproduced as designed. T : . ) .
Figure 3 shows plan-view SEM image of severa?'xel is 1.49 times higher than that of pixel witio

BST structures after etching Si surface without
ARL filling at the step of Fig.1 (c). Among various 1.0
BST structures, performance of selected geometrie

is discussed in this study. 09
30.8

I11. RESULTSAND DISCUSSION 50.7
Figure 4 shows vertical profile of optical inteysit ﬁ 0.6
obtained from Finite-Difference Time-Domain Ios
(FDTD) simulation. In contrast to pixel without <
BST, pixel with BST exhibits wide-spread light 0.4
scattering, which increases effective optical path 03 without BST
length and improves Qbonm eventually. From " — with BST
FDTD simulation comparison, especially between 0.2
B- and C- shape BST pixels, we confirmed that 400 500 600 700 800 500 100

wavelength (nm)

each BST pixel exhibits its own degree of light
intensity localization around BST and propagation
to FDTI: Unique photon absorption properties of Figure 5. Comparison of spectral QE between
each pixel evolve and result in different §&&min with- and without- BST. Result of Bhape BST bl
combination, not just dependent on BST volume. different depth from pixels in Fig.3 is presented.
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Figure 6. Dependence of @E.monthe area of BS
structure. For comparison, @kgam of pixel without Figure 8. Signal amplitude profiles from dottack:
BST is given with gray circle. of yellow regions in Figs.7 (a) and (b).

BST. It is noticed that Qkonm does not show quantitative analysis, images of international-
monotonic dependence on BST volume, astandard-organization (ISO) test chart are captured
expected from FDTD simulation; D-shape BSTby sensor with imaging lens of F#2.8 and 940 nm
pixel exhibits less Q&onmthan C-shape BST pixel; band pass filter under illumination of 3200K light
QEqgsonm Of C-shape BST pixel is 1.05 times highersource as in Figure 7. Every fine feature of test
than that of B-shape BST pixel with all the samehart is well resolved for both sensors; The
BST geometry and volume. zoomed-in image (red dotted box) from sensor with
From the FDTD simulation in Fig.4, it is expectedC-shape BST in Fig. 7 (b) shows degraded contrast
that the scattered light, above critical angle oih comparison to Fig.7 (a). More quantitativelye th
incidence especially for BST pixels, can penetratsignal profile in the yellow dotted box in Figsis/

to neighboring pixel to cause optical cross-tallr F compared in Figure 8. It is clear that the signal
contrast of C-shape BST pixel sensor, 27.2%, is
smaller than 36.4% from sensor of pixel without
BST.

Characterization of sensor modulation-transfer-
function at the half of Nyquist frequency (Mdibnn)
with slanted-edge method [3] is carried out from
images of Figs. 7, and Figure 9 shows relation
between the amplitude of M3knmand the area of
BST structure. It is shown that pixels with BST
show poor MThaonmin comparison to pixel without
BST; the BST pixel with improved Qlpnm Shows
degraded MTEonm In general. It can be interpreted
that increased optical path length makes the
penetration of photon to the neighboring pixel more
probable to degrade MTF performance, not only to
enhance QE.

Structural modifications of the pixel along with
BST geometry can reduce the optical cross-talk
without QEvaonm drop. One of methods can be the
use of thicker isolation oxide in FDTI; D’-shape
BST pixel, with isolation oxide two times thicker
Figure 7. ISO standard test chart images capty ~ than that of D-shape BST pixel, shows Mdsm of
sensors (a) without and (b) with shape BS  significant improvement, in comparison to 0.81 of
Images were taken with imaging lens of F#2.8 D-shape BST pixel, as in Fig. 9. Thicker oxide is
940 nm band pass filter under 3200K illumination. interpreted to hinder light scattering to neighbgri
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Figure 9. Correlation check between se
MTFasonmand the surface area of BST structurke
sensor MThkusonm is obtained from 108 linpair/mm
(half of the Nyquist frequency of 2,8n pixel pitct
sensor), divided by lens MBlnm measure
independently. For comparison, results of f
without BST structure (gray circle) as well as-D’
BST pixel of FDTI structure modification from-D
BST (black square) are provided.

pixel, in effect.

V. SUMMARY AND CONCLUSION

The BST is demonstrated to enhance NIR QE witWorkmOp’

an acceptable inter-pixel optical cross-talk, fo
FDTI pixel of thick photodiode. We found that

acceptable for application in NIR imaging, typigall
under use of active light source. While for
application in more extended areas, dark current
improvement of pixel with BST is favorable. With
optimal ARL structure and process [5], dark current
degradation due to formation of BST structure can
be suppressed, and on-going research efforts are in
progress.

REFERENCES

[1] J. Parket al., “Pixel Technology for Improving IR
Quantum Efficiency of Backside-illuminated CMOS
Image Sensor”,Proc. International Image Sensor
Workshop, R14 (2019).

[2] J.K. Leeet al., “A 2.1 e- Temporal Noise and -105
dB Parasitic Light Sensitivity Backside-llluminated
2.3um Pixel Voltage-Domain Global Shutter CMOS
Image Sensor Using High-Capacity DRAM Capacitor
Technology”,2020 ISSCC Dig. Tech. Pap. 1., pp.102-
103 (2020).

[3] J.C. Ahnet al., “A 1/4-inch 8Mpixel CMOS Image
Sensor with 3D Backside-llluminated 1ui8 Pixel
with Front-Side Deep-Trench Isolation and Vertical
Transfer Gate”, 2014 ISSCC Dig. Tech. Pap., pp.124-
125 (2014).

[4] X. Xie et al., “Regularized Slanted-Edge Method
for Measuring the Modulation Transfer Function of
Imaging Systems”Appl. Optics, vol. 57, pp.6552-
6558 (2018)

[5] R. Fontaineet al.,, “A Survey of Enabling
Technologies in Successful Consumer Digital Imaging
Products”, Proc. International Image Sensor
R06 (2017).

r

selection of C-shape BST allows better
performance advantages compared to the other BST

structures. Comparison @@Egsonm MTFesonm and
dark currentbetween pixel without BST and C-

shape BST pixel is summarized in Table 1. In
combination with thick Si epi-layer, the use of C-

shape BST is shown to boost NIR QE significantly.

At present, dark current of pixel with BST is paore
than the pixel without BST. The degradation id stil

No BST C-shape BST
(gr%.ﬁ% 0.67 1.00
'zgt'; fj“r‘_’]fl‘t”; 1.0 0.83
P10 [

Table 1. Comparison of Qknm , MTFesonm and
dark current among sensors of C-BST pixel and
pixel without BST





