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Figure 6.10: Reset circuit small signal model.

where W (a) = ¢i4() is the PSD of shot noise source. i4(c) could be solved from the

following equation with both above and below threshold operation:

AdVypa _ id(t) — tph + Ude
dt de

(6.9)

Finally i4(c) = g{%, where tj is the transition time from above to below threshold,
which is normally less than 1ns. 7 is the thermal time which is normally a few ns.
Plug the notation of i4(c) into Equation 6.8, and we have the final formula for noise

charge:

2

_ KTde 1 Y

Q?;(tr) 2 ( - (tr — T ok ,7)2

) (6.10)

Under normal condition, the second term in the above equation is negligible so that
the actual reset noise for our CMOS imager is only half of the commonly quoted KTC.
This conclusion explains, to some degree, the common disagreement of the reset noise
between experimental measurement and calculation result using KTC formula with

the former roughly half of the latter.
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6.3.2 Integration noise

The dominant noise source is shot noise I, due to the dark current ig. and the
photocurrent i,,, which is well modeled as white gaussian noise with two sided PSD
(as in Equation 6.4). To simplify the notation, we will represent all noises to be

charges, i.e., noise electrons. The integration noise is then represented as
Q% (tint) = q(iph + tac)tint (6.11)

where %;; is the integration time.

6.3.3 Readout noise

The readout noise includes thermal noise and flicker noise from the source follower,
as well as the thermal noise from the sample and hold circuits. S/H thermal noise is
the well-known reset KTC noise at steady state. Notice that now the reset is hard
reset since the reset time is normally a few ms which enables the S/H transistor to

fully settle down. The notation of noise charge from S/H can be represented as:

1 1

Qn S/H — KTC d(CS CR)

(6.12)

Regarding the noise from source follower, [15] has a detailed discussion. Adopting
from it, with 2 assumptions that @3 and @, have the same physical constants (W, L,
B, K’) and neglect the body effect (73 < 1 and 7,<1), the derived final formula for

noise from the source follower is given by

64C:dKT o 403:133 /2/tint | HCDS(j27rf) |2
0

2 —
OnSF = B3 K (Ve — Vi) | Wils ¢ (619

where Vi, and Vi are the bias voltage and threshold voltage. Hgps(j2mf) is the
transfer function of the CDS operation. W and L are the transistor’s width and length.
B is the transconductance parameter and K’ is the lumped flicker noise constant.

Finally, we combine all previously discussed noise together to get the total tem-
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poral noise from CMOS imager with the assumption that the two storage capacitors

of S/H circuits are equal. The final result is

i,total = Q?t,reaet i Q?L,integration =+ Q?r,,readout
KTC, o C:
= 24 1 Q(iph + idc)tint + 2KT 22
2 Cs
. CACLKT _  4C5Bs /2/‘w | Hops(i2m) e (6 149
3tinte K'(Viias — Vr) WiLs J, F '

To illustrate more clearly how the noises are distributed, we quantitatively calcu-
late the noise using 0.5um AMI 3-metal 2-poly non-silicided n-well process as the tar-
get process. The parameters we chose are: W3 = L3 = 1.8um, K' =56uV/V?, i4 =
0.25fA, By = 1072m2V?2 Vi = 0.77V, Viias = 1.5V, Cpg = 55fF, tins = 1ms, A =

0.5pum, quantum efficiency=0.3. The results are listed as below:

e Reset noise: 66.8q

Dark current shot noise: 1.25q

Source follower thermal noise: 0.37q

Source follower flicker noise: 7.3q

Sample-and-Hold thermal noise: 22.2q(C, = 1pF); 12.8q(C; = 3pF)

As we can see, the dominant part of the temporal noise is coming from the reset noise.
This is why the CDS is commonly used for any CMOS imager design. The second
major contributor is the Sample-and-Hold thermal noise from readout operation: This
noise could be reduced by using larger S/H capacitor. However, its resulting larger
silicon area and slower operation (charging/discharging) speed put some limits there
so that a careful design tradeoff is needed. Finally, the source follower flicker noise is
surprisingly large. Fortunately, we can reduce it by designing a bigger source follower
(enlarge the channel width and length), since this noise is inversely proportional to

the follower transistor’s channel width and length.



147

Chapter 7 Conclusion

7.1 Beam deflectors

Two types of liquid crystal beam deflectors have been successfully demonstrated.
The essential working idea of those two deflectors is the same, which is utilizing a
blazed grating (either permanently fabricated or virtually built up) to deflect the
incident beam, where the liquid crystal is used as an electrically controllable bire-
fringent medium. The reflective type deflector exploits the liquid crystal on silicon
(LCOS) technology to build up a virtual blazed grating (dynamic grating) and vary
this virtual grating’s period to achieve multiple steering angels. Seven addressable
angles with as high as 93% steering efficiency have been demonstrated. A numeri-
cal modeling tool is also developed to analyze the liquid crystal molecule director’s
distribution under nonuniform electrical field (fringe-field-effect). The transmission
type deflector is based on a custom-fabricated PMMA blazed grating (fixed grating)
and dynamically addresses multiple angles by stacking several layers of PMMA/LC
composite gratings. 16 steering angles are obtained with the contrast ratio of 18.
A fabrication-compensation trick is proposed to greatly improve the device’s perfor-
mance.

A couple of suggestions for future developing work: Since our target application
for the beam deflector is a holographic memory system, large numbers of addressable
angles is definitely the direction to pursue. The proposed programmable LCOS de-
flector approach should be a good starting point. The other concern is the device’s
milli-second response time. Some research might be worthwhile for exploring the fea-
sibility of using ferroelectric liquid crystal (FLC) with the device. Finally, the large
diffraction efficiency is also needed for device’s wider application. Currently, device’s
energy loss is coming from the silicon substrate’s poor reflection and the liquid crys-

tal’s scattering/absorption. To reduce these effects, we can first pattern the substrate
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with high reflectivity metal, such as aluminum, before other masks involved, and ap-
ply the liquid crystal material that has lower scattering/absorption in the operation

wavelength.

7.2 Diffraction of subwavelength structure

We have described a simple optical scatterometer for looking at isolated subwave-
length features. The features were produced using a focused ion beam process that
provided great flexibility in the range of sizes and shapes that could be produced. A
numerical modeling program capable of handling arbitrary two-dimensional features
in a planar surface was developed. The modeling results were shown to agree very
closely with the experimental measurements for scattering from a range of subwave-
length features etched into or deposited on a planar metallic surface. The model was
then used to investigate what information could be extracted about subwavelength
scatterers. We have shown that for two-dimensional features such as scratches, the
effective aspect ratio of the feature can be determined by either the ratio of the scat-
tering from s and p polarized illuminating beams, or by monitoring the depth of the
dip in scattering at the edge of the specular beam. We have also shown that the
s/p scattering ratio can be used to distinguish subwavelength trenches from ridges.
Finally, we have shown that a commonly used technique for distinguishing subwave-
length particles from pits on a surface can not be extended to features with aspect
ratios of 1:4 or smaller. The model developed here can be used to study a wide range
of scattering situations for subwavelength features.

However, the developed program package has one disadvantage. It requires that
the surface contour must vary smoothly and it should not have sharp corners. This
is due to the contour integration singularity issue [59] generated from the integral
method. With that concern, finite difference method, either time domain [60] or
frequency domain [35], is probably more suitable for future multi-pits optical memory
work. It could possibly offer faster computation time and is naturally suitable for pit-

encoded optical memory work where the pits usually have large wall angles.
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7.3 CMOS detector

We have designed a CMOS detector to be used in a compact memory module.
The chip features 64x64 array of 17umx17um pixel with 23% filling factor within
a 2mmx2mm die, correlated double sampling (CDS) signal-conditioning circuit in
each column, as well as a software-controlled window-of-interest readout. Two pixel
designs (active photodiode and direct readout photodiode) are incorporated with the
same chip for performance comparison.

It seems that the CMOS imager technology is very hot now and is gradually
maturing. However, the most current concern is putting integration on the chip as
well as functionality issues. The partial reason is that these two issues are CMOS
imager technology’s big advantages over CCD technology. But the more profound
reason is that almost all the efforts of developing a CMOS imager are coming from
industry, where profit is a major driver so that these outperformance of the CMOS
imager over CCD are specifically emphasized. From a scientific point of view, it is

worthwhile to put some effort into pursuing low noise and high speed operation.
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