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Abstract—We propose a statistical method to predict the dark
random readout noise in CMOS image sensors. First, we
calculate the dark random noise originated from oxide traps
present in the source-follower MOSFET. Statistical variation in
the dark noise is associated with the random variation of the
oxide defects in the CMOS image sensor cells in both the energy
and space domain. Considering the effect of the correlated double
sampling, we define the dark random noise as the standard
deviation in the time domain and analyze the effect of the
MOSFET width and length variations and temperature on its
dark random noise.
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L INTRODUCTION

One of the most serious noise sources in a CMOS image
sensor (CIS) pixel is due to oxide traps in a source-follower
MOSFET. Carrier trapping process into oxide traps is usually
thought to be the physical origin of 1/fnoise in MOSFETSs and
becomes random telegraph signal (RTS) noise as the device
scales down to submicron scale. Recent research [1] found out
that statistical variations in oxide defects are the cause of the
pixels having very large noise, which is represented as a long
tail in a dark readout noise histogram. Thus, it is important to
have statistical simulation capability to predict the noise
characteristics from the gate oxide quality. For a statistical
noise analysis, we consider a conventional 4-transistor CIS
pixel as shown in Fig. 1.

As a statistical sample, we take 10,000 source-follower
MOSFETs, each having traps according to the Poisson
distribution in the total number of traps. To consider the CDS
effect, noise analysis in the time domain has been performed.
From the RTS characteristics, the dark random noise after CDS
for each cell transistor is calculated and the noise histogram is
plotted.
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Figure 1. Circuit schematic of 4-transistor CIS pixel. Oxide
traps are distributed in the source follower MOSFET for the
dark random noise simulation.

II. RANDOM TELEGRAPH SIGNAL CHARACTERISTICS

As shown in Fig. 2, the RTS noise can be characterized by
1., 7. and 41 i.e. average times for capture and emission of
electrons and associated drain current change, respectively.
Once the energy and the spatial position of a trap are defined,
we can derive the RTS characteristics as follows. Let T be the
probability for tunneling, z be the distance from Si-SiO,
interface and 1, be the tunneling time constant of the electron.
From 1,, we can get the capture time . and the emission time 7,
as follows:

T =exp(-az) o 1 (1)
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where f(E;) = 1 3)

1+exp[(Er—Er)/ T]
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Figure 2. Energy band diagram that illustrates RTS noise
caused by a possible carrier transition. Three cases of RTS
transitions during CDS and corresponding CDS outputs.

This is consistent with the well-known equation for capture
time as r. = (z./ g) exp[~(Er — E)/ ksT] [2]. Finally, A7 can be
calculated by the Green’s function approach reported in [3][4].
For the calculation of 47, the mobility fluctuations due to the
trapped charge are neglected in this work.

III. THE EFFECT OF CORRELATED DOUBLE SAMPLING

During the pixel readout period, the pixel samples a
reference value first. After the charge transfer, the pixel
samples the video signal. By subtracting these two samples, the
correlated offset is cancelled so that only the photo-integrated
charges appear as the CDS output. If no charge transfers, that is,
in dark condition, the CDS output should be 0. However, when
the transition of the current due to the RTS occurs between two
samplings, the CDS output is disturbed.

A. Case of a Single Trap

We define the dark random noise as a standard deviation of
the CDS output. Let Pyand P, be the probability of finding
state 0 and state 1, respectively, in arbitrary time and P,,(#) be
the probability of the transition from state a to state b during
time 7.

Po=—"_,p=_" )
Te+Tc Te+Tc
Po(t) = Po+P1xexp[—t(—l-+iH )
Te Tc
1 1 6
Pu(t) = Pi+ Poxexp| —t| —+— (6)
Te Tc

Py, and Pjy can be derived from the total probability
relations.

Poo+ Poi = Pio+ Pu=1 @)

In the case of a single trap, CDS output has three discrete
values, i.e. 41, 0 and — 4/ From the probability of each state
and the transition probability, the probability of each CDS
output value can be derived. Letting T be the sampling time
interval,

P(x =Al)= Pox Po(Ts)
P(x =0) = Pox Poo(Ts)+ Pix Pu(Ts)
P(x=~AI) = Pix Pu(Ts)

(82)
(8b)
(8¢)

For the noise analysis, we calculate the standard deviation

of the CDS output.
Ox= ’Z X P(xi)— (x)2

where (x) = Z xiP(xi) )]

B. Case of Multiple Traps

We can extend the above formulation to a multiple-trap
situation. Considering N traps in the oxide, the transition
probability from the (i, &, @, ... ,an; =0) state to the

(ﬂlx ﬂl’ )63’ .- ’ﬂN; tsz) state is

N
Pk=l_[PanXPaﬂn' (10)

k=1

The @ and S can be 0 or 1. Letting Y be the CDS output, the
corresponding CDS output is

Yo = iDaﬂnxAIn’

n=1

1 if B> a,
where Dop,={ 0 if Bn= a,.
-1if o< a,

In the case of N traps, the number of the observable CDS
outputs is 3". We calculate the standard deviation of the CDS
output from 3" CDS outputs and corresponding probability.

(1

(12)

IV. SIMULATION RESULTS AND DISCUSSION

As the source-follower transistor, a conventional planar
MOSFET is considered in the simulation. The gate channel
length is set to 0.32 um and the oxide thickness is 65 A. The
bias condition of the source follower is set by dark read-out
condition. We generated 10,000 samples of source follower
MOSFETs. In the oxide of each sample, traps are randomly
distributed, that is, the number of traps in each MOSFET
follows the Poisson distribution. In this simulation, the oxide
trap density per unit energy is set to be 2x10" em™ eV,
uniform in both energy and space.
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Figure 3. Dark random noise histogram of 10,000 pixels.
The width is 0.2 um.

We calculate deviations from ., 7. and A4/ in each trap of
MOSFET. Fig. 3 shows the dark random noise histogram of
the pixels. As can be seen in Fig. 3, the noise histogram has a
long tail, which has a similar shape to the experimental data [1].
The difference in the peak value between simulation and
experimental results may be due to the effects from thermal
noise, which is neglected in this work [1].

With the same oxide trap density, as the gate area increases,
the source-follower MOSFET has more traps and larger dark
random noise. Fig. 4 shows the noise histogram of 0.4 pm, 0.2
pum and 0.1 pm in width. As the channel width becomes
narrower, the tail gets thinner and shorter, which means that
there are less noisy pixels. In Fig. 5, we reproduce dark random
noise on 100x100 pixels. We can see more white pixels in dark
condition as the channel width increases.

As devices scales down, it is important to predict the
tendency of its influence on the random dark noise. We
simulate the source-follower MOSFETSs whose channel length
is 0.32 pm, 0.18 pm and 0.13 pm, and oxide thickness is 100 A,
50 A and 34 A, respectively. The channel width is set to be 0.2
pum in common.
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Figure 4. Dark random noise histogram of 10,000 pixels with
the channel-width variation. As the width decreases, tail gets
thinner and shorter.

(a) 0.4 um-width (b) 0.3 um-width

(c) 0.2 ym-width (d) 0.1 um-width

Figure 5. Reproduced 100x100 pixels. White dots mean
noisy pixels.

We generated 10,000 samples of source-follower
MOSFETs in each case. The oxide trap density per unit energy
is set to be 2x10'® cm™ eV, uniform in both energy and space.

Fig. 6 shows noise histogram with the channel length
variation. As the channel length becomes shorter, the noise
histogram has a much longer tail, which means that there are
more large noisy pixels.
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Figure 6. Dark random noise histogram of 10,000 pixels with
the channel-length variation. As the length decreases, a tail
becomes much longer. The channel width is set to be 0.2 um in
common.
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The short channel device has less oxide traps with the same
oxide trap density. However, once the electron is trapped in the

oxide trap, it is more effective in changing the drain current, i.e.

RTS amplitude 47 than in the long-channel device. In Fig. 7,
we can compare the Green’s function in the oxide of two
devices whose channel length is 0.32 um and 0.13 pm. The
short channel device has a much larger value of Green’s
function. Therefore, RTS amplitude A/ is much larger in the
short-channel device. This is why the noise histogram of the
short-channel device has a longer tail than that of the long-
channel device noise histogram.

Fig. 8 shows the dark random noise dependency on
temperature. We note that the average value of the dark
random noise increases with temperature.
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Figure 7. Calculated Green’s function in the oxide of each
device. This value means the drain current change per unit
charge injection into the device. The short-channel device has a
larger value of Green’s function compared with that of the
long-channel device.
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Figure 8. Calculated average noise dependency on temperature.

V. CONCLUSION

In this work, we have statistically analyzed the dark random
noise of CIS output. From the RTS characteristics of each
oxide trap, the standard deviation is calculated in the time
domain in order to include the CDS effect. Ten-thousand
samples of pixels have been simulated and the effects of the
width and length variations on the statistical nature of the RTS
noise have been analyzed.
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