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Abstract—As CMOS image sensors become more and more 

attractive and with high performances, it becomes possible to use 

CCD on CMOS devices with reasonable lengths. However, no 

study has been done on the radiation hardness of such CCD on 

CMOS devices. Therefore, we propose in this paper a first study 

of Charge Transfer Inefficiency (CTI) and dark current 

degradation under TID and DDD irradiations. To do so, test 

chips have been processed in conventional deep submicron 

CMOS imaging technologies, and characterized before and after 

irradiations. 

 
Index Terms— Charge coupled devices, charge transfer, 

charge, transfer inefficiency, CMOS image sensors (CIS), deep 

submicrometer process, trapped charge, Radiation effects 

 

I. INTRODUCTION 

harge-Coupled Devices (CCD) are widely used in space 

imaging applications such as CCD array or Time Delay 

Integration (TDI) sensors [1] - [3]. However, these devices 

need to be produced in specific fab, offering a CCD process. 

The drawbacks are a low integration, a higher cost, and the 

impossibility to integrate CMOS functions on-chip. Thanks to 

the latest advances in manufacturing process, it is now 

possible to achieve high performance image sensors in CMOS 

technology, using optimized conventional or pinned 

photodiodes [4] [5]. However, even with the use of CMOS 

image sensor (CIS) technologies, CMOS Active Pixel Sensors 

(APS) cannot compete with CCD in some niche applications 

like TDI imaging. Consequently, a very strong need for the 

integration of CCD devices on CMOS technology is emerging 

in order to combine the advantages of CMOS integration, 

photodiodes and pinned photodiodes, and charge transfer 

along long distances with high performance. 

As opposed to CCD processes, CMOS imaging submicronic 

processes do not provide poly-silicon overlapping. The 

designer is supposed to follow the minimum poly-silicon gap 

rule which is usually larger than 200 nm. Due to the presence 

of this “poly-gap”, electrons located in the silicon region 

between two adjacent gates are controlled by a weak electric 

field and can be delayed or even lost during the transfer [6]. 
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Thus, the Charge Transfer Inefficiency (CTI), which measures 

the electrons missing after one transfer [7], is larger in CCD 

on CMOS devices and achieves some 10
-3

 [8] [9] where in 

pure CCD it is less than 10
-5

 [10] [11]. One other weakness is 

the lowest oxide quality compared to CCD processes, which 

leads to a larger number of trapped charge. An alternative is to 

design a buried CCD by means of a buried implantation in the 

CCD channel [12]. This additional implant creates a buried 

potential well, and electrons are thus carried away from the 

surface. This modification improves the transfer efficiency. 

Generally, imaging manufacturers do not provide this process 

modification, and we prefer at first not to use it in order to get 

results comparable with common imaging processes. 

Consequently, CCD on CMOS performances are, for now, 

lower than conventional CCD technologies. CCD on CMOS 

are therefore usable for a small number of poly-gates, for 

example in TDI. 

Due to the specificity of their applications, all image 

sensors developed for space instruments or nuclear physics 

experiments [13] have to be radiation tolerant. A large amount 

of work has been performed on the radiation tolerance of 3T 

photodiodes and pinned photodiodes [13] - [18]. As a general 

conclusion, the Total Ionizing Dose (TID) induces traps in 

oxides, leading to an increased dark current, a degradation of 

the charge transfer efficiency, and a modification of the Full 

Well Capacity (FWC). As for the Displacement Damage Dose 

(DDD), it induces defects in silicon which degrade key 

photodiode parameters such as Quantum Efficiency, charge to 

voltage conversion gain (CVF), FWC, and increases the dark 

current. 

Extensive studies have been performed in order to study the 

impact of radiations in pure CCD technology detectors [19] - 

[25]. As in pinned photodiodes, DDD creates bulk defects in 

the silicon which behave as carrier traps or emitters. 

Accordingly, authors concluded that DDD induces increased 

dark current, charge transfer inefficiency and degradation of 

minority carrier lifetime. TID mainly degrades oxide and 

especially gate oxide by creating interface states [20]. This 

occurrence results in an increased dark current and a change in 

the flatband voltage, which can seriously degrade the charge 

transfer efficiency in surface channel CCD [20] [22]. Despite 

the fact that CCD on CMOS technology is of primary interest 

for space remote sensing applications (based on TDI), to our 

knowledge, no work has been performed on the effect of 

radiation in CCD on CMOS devices. As CCD on CMOS 
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devices rely on the same elements and materials than 

conventional CCD devices (silicon, silicon dioxide, poly-

silicon), we expect to observe similar parameter degradations. 

We therefore propose in this paper to perform a first set of 

measurements on irradiated CCD on CMOS devices and to 

analyze the effect of TID and DDD on their behavior. The 

radiation hardness topic was not addressed in this paper, and is 

left for future studies. 

 

 
 

II. EXPERIMENTAL DETAILS 

A test chip consisting of three kinds of CCD on CMOS 

structures is manufactured on a 180 nm imaging CMOS 

technology by a leading Asian company. No additional 

process option is used, so the CCD on CMOS is made with 

standard conditions and is compatible with Surface channel 

transport (SCCD). In the reference structure (“Ref”), in order 

to avoid any dark current generation due to a contact of the 

depleted region with the Silicon Trench Isolation (STI) edges, 

STI edges are enclosed within 100 nm of P-well (Fig. 1). With 

the aim of verifying the efficiency of this strategy, a second 

structure is designed (Fig. 2) with an exclusion of 100 nm of 

P-well from the STI (“Pwell shift”). The third structure has 

shorted poly-silicon gates on one side (“Poly shift”), the intent 

being to see if the suppression of a gate extension over the STI 

reduces the dark current and the interface traps impact (Fig. 

2). Gates are 0.8 µm long by 1.3 µm wide, and separated by a 

250 nm gap, as requested by the foundry. The CCD structures 

are available in 3 and 201 transfer gates. No implant is added 

in the CCD channel. 

The CCD on CMOS device is designed to be compatible 

with three phases architectures. Electrons are injected by 

means of an injection drain and an injection gate, using the fill 

and spill method [26] [27]. Electrons are transferred to a 

floating diffusion node connected to a readout chain, similar to 

the ones used in CMOS imaging systems [4]. 

An additional test chip is designed in order to check the 

behavior of Buried channel CCD (BCCD) under ionizing 

radiation. For this specific purpose, the test chip is fabricated 

at a different foundry providing buried channel devices. The 

buried CCD test structure is designed with the same 

characteristics of the “Ref” structure, as described in the Fig. 

3, with a buried implant in the CCD channel. This test chip is 

only employed in the TID results section. 

 

 
 

 
 

Experimental measurements were performed at 22°C using 

a Cascade semi-automatic Prober and a Pulse Instrument data 

generator. Each analysis is executed on two dies. The main 

parameter characterizing the CCD device is the Charge 

Transfer Inefficiency (CTI), which gives the ratio of electrons 

missed or lost after one transfer. Indeed, due to the presence of 

surface states, potential barrier between gates due to the poly-

gap and silicon bulk defects, electrons can be trapped and 

eventually re-emitted when the charge packed has moved to 

next gates. This causes CTI. Some of these electrons are 

transported in the following transfer phases, and they are 

called “deferred electrons”. The electrons that did not make 

through the transfer process at all are called “lost charge”. All 

CTI measurements are performed by means of two different 

methods. The first one is the commonly used Extended Pixel 

Edge Response (EPER) which consists in measuring the 

amount of charge emerging in the first, second, etc. transfer 

following the charge transfer [28] [29]. This method provides 

a CTI based on the number of deferred charge. EPER is 

applied on the 201 gates structure. The second one is based on 

a comparison between the number of transferred electrons 

after 3 gates and the number of transferred electrons after 201 

gates [30]. In the following this method will be called 

“Compared Pixel Response (CPR)”. To do so, we assume that 

 
Fig. 1. Cross-sectional views of the “Ref” CCD test structure and 

corresponding designed plan view (not to scale). ID is the injection drain, IG 
the injection gate, Φ1 Φ2 and Φ3 are the three CCD phases, and FD is the 

floating diffusion. 

 
Fig. 2. Plan views and cross-sectional views of the “Pwell shift” (a) and 
“Poly shift” (b) CCD test structures (not to scale). ID is the injection drain, 

IG the injection gate, Φ1 Φ2 and Φ3 are the three CCD phases, and FD is the 

floating diffusion. 

 
Fig. 3. Plan views and cross-sectional views of the “BCCD Ref” CCD test 

structures (not to scale). ID is the injection drain, IG the injection gate, Φ1 

Φ2 and Φ3 are the three CCD phases, and FD is the floating diffusion. 
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the CTI is constant over the entire CCD device, and we 

measure the transferred charge at the output of the 3 gates 

structures and 201 gates structures: 
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where ΔVout is the potential shift of the floating node and CVF 

is the charge to voltage conversion gain. The CTI is then 

calculated from the value of transferred charge of these two 

structures, via Equation 3: 
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where n3G and n201G are respectively the transfer gate number 

in the CCD test structure containing 3 transfer gates and 201 

transfer gates. The advantage of this combined method is to 

provide a CTI based on both deferred and lost charge. 

The mean dark current measurements are also performed at 

22°C, by varying the storage time on one gate from 20 µs to 

180 ms. 

CTI and dark current data are averaged on more than 200 

measurements, with the intention of limiting errors. 

In order to give an estimate of the injected electron number, 

the CVF of the floating node is evaluated via its dimension 

and the foundry capacitance model. 

After a first pre-irradiation measurement sequence, some 

CCD on CMOS devices are irradiated at CEA, Valduc with 

14.7 MeV neutrons with fluences of 3.11x10
10

 n/cm
2
 and 

3.64x10
12

 n/cm
2
, which generate a DDD of 110 TeV/g and 

13120 TeV/g respectively. Other CCD on CMOS devices are 

irradiated at CEA, DIF with a 10 keV X-ray source in order to 

produce TID of 10 krad and 100 krad. All irradiations are 

performed unbiased, and a second measurement sequence is 

performed post-irradiation. 

III. RESULTS 

A. Before irradiation 

Fig. 4 shows the CTI measurements of the reference sample 

performed before irradiation. 

From the EPER measurement (dotted line), based on 

deferred electrons, it can be seen that the CTI strongly 

decreases with the increase of charge injection until 10000 

electrons. This behavior is well known in CCD and is mostly 

attributed to the presence of interface traps [22] [24] [31]. 

Indeed, the smaller the number of injected electrons, the larger 

the part of trapped electrons in these interface traps, and the 

larger the CTI. Then, the CTI increases with the increase of 

injected charge (from 10000 electrons), and reaches a plateau 

for more than 22000 electrons. It is mainly due to the large 

amount of charge packets, which reduces the well potential of 

the channel for a high amount of electrons. CTI values 

measured by EPER are in the range of 5x10
-4

 to 1.4x10
-3

. If 

we look now at the CTI acquired by the method CPR proposed 

in this paper (straight line), the measured values are slightly 

larger, because this measurement takes into account the lost 

charge. The curve behavior is similar to the EPER one, except 

at very high injection where the plateau is not observed. The 

CTI is in the range of 1.2x10
-3

 to 2.1x10
-3

. Between 12000 and 

22000 injected electrons, the difference between CTI 

measured by CPR and EPER is getting lower, and we can 

deduce that the transfer inefficiency is mainly dominated by 

deferred charge. For more than 22000 injected electrons, the 

CPR CTI is increasing again with charge injection, which 

suggests that more and more electrons are lost. 

 

 
 

Fig. 5 presents a comparison of CTI measured via the CPR 

and the EPER methods for the three different CCD on CMOS 

designs. 

 

 
 

In spite of shorted poly gates used to reduce the interface 

traps, no reduction of CTI is visible on the sample “Poly 

shift”. Two assumptions can explain this observation. First, 

the P-well enclosure of STI may be efficient enough to avoid 

charge trapping. Second, the CTI may be dominated by the 

gate oxide trapping and the only alternative would be to use a 

buried channel transport. The curves of the sample “Pwell 

 
Fig. 4. CTI vs. charge injection in the “Ref” structure. The CTI is evaluated 
using the CPR method and using the EPER method 

 
Fig. 5. Comparison of CTI against charge injection between the three 

designed structures. The CTI is evaluated using the CPR and the EPER 

method. 
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shift” in which the STI edges are not protected present a larger 

CTI. At low injection, the CTI of “Pwell shift” measured via 

the two methods is strongly increased, which shows that the 

number of deferred charge increases a lot when STI edges are 

not passivated. However, at high injection the CTI of this 

design is still higher, mainly due to the increase of lost charge 

as the EPER CTI is kept low. One assumption could be that 

when the charge packet is increasing, so is its volume, and it 

interacts with more STI traps located on vertical STI edges 

(approximately 300 nm deep). 

The dark current measurements are shown in Fig. 6. Before 

irradiation, the dark current measured on the samples “Ref” 

and “Poly shift” are around 140 aA. Again, there is no strong 

difference between the two designs despite what could be 

expected. The dark current of the sample “Pwell shift” is 

larger, as expected, around 210 aA. 

The well capacity of the gates could not be measured, 

because of the saturation of the readout chain. Indeed, the 

amount of injected electrons is increased as much as possible 

and a saturation of the output signal is observed at 35000 e-

/µm². This saturation corresponds to the readout chain 

saturation and it is therefore possible to state that the well 

capacity is higher than 35000 e-/µm². 

 

 
 

B. TID effects 

To observe Total Ionizing Dose effect on CCD on CMOS 

devices, the structures are irradiated with 10 keV X-ray at 10 

krad (SiO2) and at 100 krad (SiO2). 

CTI are measured after irradiation and some of the results 

are presented in Fig. 7. The CTI of the “Ref” sample increases 

a lot with TID. As for pure surface channel CCD [20], TID 

impacts strongly the transfer efficiency because of an increase 

of surface states and a flatband voltage change. At 100 krad 

we did not succeed in measuring the CTI of 201 gates 

structures for less than 12000 electrons. Therefore, CTI 

measurements with EPER method at 100 krad are also 

conducted on the 3 gates structure. 

Dark current measurements are shown in Fig. 6. As 

expected, these measurements show a strong increase of dark 

current with TID. At 100 krad the dark current achieves high 

values, depending on the design. In particular, the “poly shift” 

design shows the highest dark current, which we cannot 

explain for now. 

 

 
 

Considering these TID results, the use of CCD on CMOS 

devices will be problematic in space applications. One 

possibility would be to use buried channel CCD in order to 

avoid the gate oxide trapping. 

With the intention to check it, we designed a different test 

chip fabricated in another CMOS process allowing buried 

channel devices. This test chip has CCD structures with a 

design similar to the “Ref” CCD test structure (Fig. 3), except 

a Buried CCD layer implanted in the CCD channel. The 

BCCD structure has 3 and 201 transfer gates, and the same 

methodology was applied for measurements. After a first 

measurement sequence, the BCCD structures are irradiated 

with 10 keV X-ray at 10 krad (SiO2) and at 100 krad (SiO2) in 

order to create TID. The Fig. 8 is showing the transfer 

inefficiency measurements. 

 

 
 

Before irradiation, CTI measured in BCCD is comparable to 

CTI measured in SCCD (Fig 4 and Fig. 8). In contrary to what 

we could expect, the performances in BCCD are not better, 

probably because we used a different foundry compared to 

SCCD, and because the buried channel process is not enough 

optimized for this purpose. After irradiation of the BCCD, the 

CCD structure is still operational and it is still possible to 

 
Fig. 6. Comparison of mean dark current for the three designs before and 

after irradiation. 

 
Fig. 7. Comparison of CTI against charge injection before and after TID 
irradiation for the “Ref” structure. The CTI is evaluated using the CPR and 

EPER method. 

 

 
Fig. 8. Comparison of CTI against charge injection before and after TID 

irradiation for the BCCD “Ref” structure, processed in a different foundry. 

The CTI is evaluated using the CPR and EPER method. 
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measure the charge transfer even on the 201 gates structures 

and at 100 krad. From this first observation, one can conclude 

that the BCCD structure is more radiation tolerant than the 

SCCD one. At 10 krad, we can see a small increase of CTI. At 

100 krad, the CTI increases by a factor of 2, however at high 

injection it remains lower than in SCCD. Al low injection, the 

EPER CTI stays relatively flat, in contrary to the CPR CTI. 

This suggests that at 100 krad the ratio of lost charge becomes 

higher with this design and technology. The buried channel 

structure is not radiation tolerant as it could be expected. This 

is probably because the STI edges are in contact with the 

BCCD implant. This should be taken into account for a future 

and improved design. 

Dark current measurements on BCCD structures are also 

performed and are presented in Fig. 9. Before irradiation the 

BCCD dark current is higher than the SCCD one because the 

process is different. However if we look at the dark current 

behavior after irradiation, we can see that the buried channel is 

much more radiation tolerant: the dark current is increased by 

x6 in BCCD instead of  x250 in SCCD. Indeed, as electrons 

are carried in a buried channel away from the degraded 

surface oxide the dark current increase is relatively contained. 

This performance should be improved by moving STI edges 

away from the BCCD implant. 

To conclude, ionizing radiation strongly degrades the 

performance of CCD on CMOS devices. Although CTI 

degradation in buried channel devices is much lower than that 

of surface channel devices, the operation of CCD on CMOS 

devices in general will be compromised in harsh ionizing 

radiation environment. 

 

 
 

C. DDD effects 

The three different surface channel CCD designs are also 

irradiated with neutrons in order to create displacement 

damage in silicon. The CTI measurements performed on the 

sample “Poly shift” are shown in Fig. 10. 

Small differences between non-irradiated and irradiated 

curves are visible and are attributed to measurement artifacts. 

As opposed to TID effects, DDD does not lead to an obvious 

transfer performance degradation, and the CCD on CMOS 

device is still functional after 13120 TeV/g. Results obtained 

are quite similar for all three designs, and no clear CTI 

degradation is visible after irradiation. 

 

 
 

This performance could be expected, as surface channel 

CCD on CMOS structures are limited by oxide trapping, and 

much less by volume defects. Indeed, in this configuration, the 

potential monotony decreases from the surface to the bulk, and 

carrier charge packets are confined to the vicinity of the 

surface. As neutrons create bulk defects, the surface channel 

transport should not degrade until a given DDD. Besides, in 

pure CCD technology, transfer inefficiency increases are 

generally observed in buried channel CCD devices [19] [21] 

[22]. 

Dark current measurements are also performed and are 

shown in Fig. 6. The 110 TeV/g DDD induces a dark current 

increase for the reference design and a smaller dark current 

decrease for the other two designs. This unexpected result is 

attributed to measurement artifacts. The highest DDD induces 

a clear dark current increase by a factor of 10, because of the 

creation of bulk defects, with small differences depending on 

the design. The design with a recessed P-well (“Pwell shift”) 

has the largest dark current, while the design with poly shift 

seems to be more tolerant. In parallel, the mean dark current 

increase has also been estimated using the Srour formalism 

[32]. The depleted volume is taken as the gate active area 

times 2 µm of depleted depth. At 110 TeV/g the mean dark 

current increase is estimated at 7 aA, and at 13120 TeV/g it is 

estimated at 850 aA. These estimations are in a good 

agreement with the measured dark current increase. 

IV. CONCLUSION 

In this paper we study three different designs of CCD 

structures manufactured on a CMOS technology before and 

after TID and DDD irradiations. Results obtained before 

irradiation show that the STI edges in the CCD channel must 

be covered by P-well in order to limit dark current generation 

and CTI degradation. Shorting the gate on one side does not 

help because the P-well enclosure of STI may be efficient 

enough to avoid charge trapping or because the CTI is 

probably limited by the gate oxide trapping. Measured CTI are 

 
Fig. 9. Comparison of mean dark current for SCCD and BCCD before and 
after irradiation. 

 
Fig. 10. Comparison of CTI against charge injection before and after DDD 
irradiation for the “Poly shift” structure. The CTI is evaluated using the CPR 

and the EPER method. 
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in the range of 1.2x10
-3

 to 2.1x10
-3

. Total Ionizing Dose 

strongly impacts the transfer efficiency. At 100 krad the CCD 

on CMOS device is still functional, however the CTI is 

multiplied by 5 – 10, and the dark current is increased by a 

factor of about 10
3
. A buried channel CCD structure is also 

investigated under TID and is showing a better radiation 

tolerance. However, CTI obtained at 100 krad in buried 

channel mod are still too high. Therefore the CCD on CMOS 

usage seems to be compromised in radiation application where 

TID is dominating. The surface channel CCD is more tolerant 

to Displacement Damage Dose, as the CTI is not affected until 

13120 TeV/g for all three structures and the dark current is 

only increased by a factor of 10. As a conclusion, CCD on 

CMOS devices as they were designed for this paper cannot be 

used in space radiation environment, because maximum TID 

specifications are usually inferior to 100 krad. However, the 

surface channel CCD on CMOS devices could be used in 

radiation environment where DDD is dominating. 
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