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The 4T pixel is composed of a PPD, a TG, a reset
transistor (RST), a row selector transistor (RS)l an

source follower (SF).
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Abstract--This paper presents a radiation study on the
pinned photodiode (PPD) and Transfer Gate (TG) of 474
Transistor) CMOS Image Sensors (CIS). The PPD and the
TG are the most sensitive elements for the sensortark
signal. The transfer gate length has an effect on ¢hdark
current due to the electric field variation in the transfer
channel and the defect generation near the overlapegion
between PPD and TG. The low value of the TG clock sigl
is also evaluated for its influence on the dark siwal.
Meanwhile, the dimensional effect of the PPD and TG
before and after radiation is demonstrated as wellwhich
shows different results from 3T pixel.

|. INTRODUCTION

CMOS Image sensors (CIS) are nowadays gettingro

more preferable due to the improving image quakiyr
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Figure 1. Pixel schematic and readout timing

The VRST is manipulated by sweeping and switching
m a low value to a high one to measure the pipni

voltage. During the conventional readout, it is mected

example, by employing pinned photodiode (PPD) in 4Tto Vdd. The low value of the TG clock is used todifyp

pixel, the critical pixel parameter, dark currestjargely
reduced to a low level comparable to that one 0B
[3]. Therefore, 4T CIS is being widely applied ihet

the electrical stress under its channel and nedniey
overlap region between the PPD and TG, where a high
electric field exists, in order to bring the TG-gatduced

space/medical field to grab a low-dark-current imag
instead of 3T pixel, where radiation has strongatieg
influence on image quality. However, the pinned
photodiode and transfer gate in the 4T pixel make i
readout operation and dark current sources more
complicated and different from its 3T opponent[Zhe
main dark current contribution from the depletidnttoe
photodiode edge at the surface in 3T pixel caseatare
considered on 4T anymore when radiation issues are
concerned[4]. The transfer gate as an extra titandisis
been reported as an additional dark current sdbicce[
Moreover, radiation induced interface trap generatind
shallow trench isolation (STI) oxide trapped chargee
also responsible for the sensor dark signal inefé#3].
Therefore, this work is going to detail the radiati
induced degradation behavior of the PPD and TGsarea
concerning pinning voltage and dark electrons (dark
current). The evaluated pixels in this work have 4
different TG lengths (gate length), 5 different PleBgths

dark current down after radiation[8].
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Figure 2. Pinning voltage measurements with different PPD

(in the direction of gate length) and each typeigél has length
an array size of 6x4. The sensors are irradiat&30koad ) ,
and 60krad by X-Rays with an average energy of Figure 2 shows the sensor's output voltage as a

46.2keV.

function of the low reset voltage on VRST. This

measurement is a tool for extracting the pinningage.

Il. RESULTS AND DISCUSSION

Figure 1 illustrates a 4T pixel schematic with assr
section of the PPD and TG, and the timing for
conventional readout and pinning voltage measurémen

The low reset voltage is used to allow the PPDctzept a
certain amount of charges within the range of itsing
voltage, which then can be read out by a conveation
timing through connecting VRST to Vdd. As soon Iz t
low reset voltage reaches a value higher than #B P



pinning voltage, the PPD will not get charges frdRST

Figure 4 shows the TG length effect on the pinning

anymore and the sensor's output voltage remains lowoltage measurement and its dark signal beforeadted
That knee voltage shown in Fig.2 then equals to theadiation. It proves that the PPD pinning voltagenot

pinning voltage. It is also shown in Fig.2 that whée

low reset voltage is 0V, a smaller PPD has a smalle6Okrad,

correlated with TG length at all. Furthermore, mfte
the post-irradiation output voltage is not

output voltage since it has a lower charge capacityinfluenced by TG lengths neither when measured with

However, the pinning voltage is independent of BRD
size, while fully dependent on its doping profilada
depletion region[2][9].
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Figure 3. Pinning voltage measurement of a certain pixel with
radiation doses

Figure 3 shows the post-irradiation output voltage
one pixel type as a function of the low reset \gstalt
shows no variation of pinning voltage after radiati
Therefore, the shallow surface and bulk depletagians
of the PPD are not largely expanded by the incngasi
trapped charges in the surrounding STI oxide indune
radiation. Meanwhile, the PPD depletion region &ty
determined by a lower depletion region of n-wetfp-
due to the doping profile, which is deeper than. Shus,
the radiation has less effect on the pinning veltag
However, when the low reset voltage exceeds theinmn
voltage value, the pixel output voltage slightlyegoup
with the radiation doses, which can be attributedhie
radiation induced dark current increase from théd PP
because the VRST does not introduce any extra ekarg
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Figure 4. Pinning voltage measurements with the variation of
TG length and radiation doses

VRST larger than the pinning voltage. Thus, it dan
further confirmed that a tiny post-irradiation iease of
the output voltage is mostly from the PPD dark entyr
which also shows that the effect of PPD on pixekda
current is small in 4T CIS after radiation.
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Figure 5. Pinned photodiode length effect on dark electrons
with radiation doses

Based on the above results of the PPD pinning gelta
and pixel output voltage, in Figure 5, the pixelldsignal
measurement is shown for different sizes of the RiPD
terms of electrons before and after radiation wath
integration time of 4240ms. Since the photodiodéase
is pinned by a highly doped p layer, the surface p-
junction depletion region (usually existing in 3iked) is
eliminated in a 4T pixel. This kind of perimetep@adent
surface depletion region is proved to be a mairk dar
current source for photodiode where the surface
recombination and thermal generation contributetad
the dark current[4][7]. However, in 4T pixel this
dimensional effect is greatly reduced. Meanwhhere is
no dark current originating from the depletion cegi
expansion induced by post-irradiation trapped otsmdpe
to the surface p-n junction which can have moresctef
generation[6]. Thus, as for a 4T pixel, the posteration
increase of dark signal is not determined by th® PP
perimeter anymore which is shown above because ther
no contact between the interface and a depletigiome
Meanwhile, as shown in Fig. 5 after radiation, gieel
shows an obviously absolute increase of dark sigiital
radiation doses, however, the PPD length effeabas
dominant.

Figure 6 presents the pixel dark signal increase
affected by the TG length extension before radmatio
There exists a high electric field distributiontive overlap
area between TG and PPDI8]. With the extensiorhef t
TG length, there is a higher chance of having serfand
bulk defects and hot-carrier generation due to gh hi
electric field induced impact ionization in thatgien
which will raise the dark current through recomtimma
and thermal generation[5][8].



dark signal increase between pre-irradiation andt-po
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potential barrier, which will make electrons trarsfore ) ]

difficult and bring the dark current down. Thusgeth Figure 8. Dark electrons with low value of transfer gate clock

combination of these two effects, gate Ienéth ES(D,Em voltage before and after radiation for the TG length of 0.7um

induced more defects generation and electric figlnd 20um

reduction, is the reason that the dark electroRign 6 is
not proportionally increasing with the TG
Meanwhile, the pre-irradiation increase of darkrent in
Fig.6 is mainly dominated by the TG length extensio
induced defect and hot-carrier generation[8][10].
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Figure 7. Transfer gate length effect on dark electrons with
radiation doses

However, Figure 7 shows that the post-irradiatiarkd
signal goes down with the increasing TG
Meanwhile, the radiation degradation on the PPDEAd
gives an absolute increase of the sensor darklsigieato
a lot of radiation induced defect generation araghged
charges in the STI oxide[6].

As mentioned previously, a shorter TG induces a

higher electric field under the TG. Taking into acnt a
similar amount of post-irradiation defect genematia
higher electric field will make a higher carrier

recombination probability when the same number of

defects is generated in that region[10]. Thus,rdiative

length.

length.

Figure 8 shows the dark signal variation when
changing the low value of the TG clock for two diffnt
lengths of TG before and after radiation. With gai&ve
low value of the TG clock, some defects under tBec@n
be filled by the holes and thus the dark currem¢dsiced.
This phenomenon is more obvious with the increasing
radiation doses due to more defect fillings[11].

CONCLUSION

In this study, X-ray radiation shows no influenae o
the PPD pinning voltage because of no post-irreiat
trapped charge induced depletion region expansion.
Radiation induced dark current increase from th® PP
small and is not proportional to its perimeter daehe
pinning layer. The size effect of TG shows a ddfer
trend in dark current as a function of TG lengtfobeand
after radiation. This is due to the pre-irradiatidefects
creation induced by the TG extension is more dontina
over the correspondent electric field reductionijlevthis
situation is reversed after radiation. Moreoverthwa
negative low value of the TG clock, the holes péay
important role to reduce the dark current by defidotg,
and this function is getting more effective aftadiation.
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