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Abstract—Accidental metallic contamination is known to have 

a deleterious impact on the dark current characteristics of 

silicon-based CMOS image sensors (CIS), especially when 

metallic species are present in the depletion region of the 

photodiode. Solving a contamination issue requires a clear 

identification of the contaminant signature on the sensor 

response. In this study, different metallic species were 

voluntarily introduced in the photodiode region of Si-based 

CIS wafers, using ion implantation at relatively low doses. 

The dark current spectroscopy (DCS) technique is used to 

quantify the influence of each of these metallic species on the 

sensor performance. The results presented herein could aid in 

their identification after accidental contamination in a clean 

room environment, particularly in the cases of Pd, Mn and 

Nb, for which the references in the literature are scarce. 

Keywords—CMOS image sensors; dark current; metallic 

contamination. 

I. INTRODUCTION 

The accurate detection of photons in silicon-based 

CMOS image sensors (CIS) for a wide range of 

applications necessitates the use of high purity silicon (Si), 

i.e., with the smallest concentrations of impurities as 

possible. Metallic contaminants are particularly 

troublesome due to the introduction of deep electronic 

levels close to the middle of the Si bandgap [1], allowing 

them in many cases to act as significant Shockley-Read-

Hall (SRH) generation-recombination centers and 

perturbing the normal operation of CIS devices due to the 

generation of current under no illumination, i.e. dark 

current, especially at high temperatures [2]. The impact of 

accidental metallic contamination on both CIS and other Si-

based devices has long been known in the semiconductor 

industry, and significant efforts have been made to 

minimize the presence of undesired metallic species in the 

resulting devices and fabrication equipments [3]. 

Despite these efforts, different metals must still be used 

during a plethora of processing bricks, such as metallic 

interconnections, silicides and others [4]. The isolation 

between these structures and the bulk depletion region of 

the photodiode is therefore of paramount importance. Trace 

amounts of metallic contaminants can nevertheless be 

accidentally introduced in the critical region of the pixel, 

particularly in the case of ion implantation steps, as has 

been shown to be the case of W and Mo ions, for which the 

mass filtering can in some cases be quite tricky [5-6]. Even 

small concentrations of metallic contaminants in the pixels 

can render the CIS no longer suitable for their respective 

applications [7]. 

In this study, we present the dark current spectroscopy 

(DCS) results of Si-based CIS wafers voluntarily 

contaminated with different metallic species using ion 

implantation at relatively low doses and with energies 

necessary for an as-implanted peak concentration close to 

the photodiode junction line.  Among the four metals 

detailed in this paper, only the impact of Au on the DCS 

spectra of Si-based CIS has already been studied 

experimentally in the literature [8]. This is not the case for 

Pd, Mn and Nb, for which we show a non-negligible impact 

on the DCS spectra, especially in the case of Nb. These 

results can be used for the identification of metals 

accidentally introduced into the Si substrate during the 

device fabrication. 

II. EXPERIMENTAL PROCEDURE 

Eleven metallic species were selected to be implanted at 

the photodiode level of CIS fabricated on 300 mm-diameter 

Si wafers. For each of the selected species, the implantation 

energy was determined with the aid of TCAD (Technology 

Computer-Aided Design) simulations with a projected 

range close to the PN junction of the photodiode. Moreover, 

two different implantation doses were used, henceforth 

called dose A and dose B, equivalent to 10 times dose A. 

The choice of the dose for each species was mainly 

motivated by their diffusivities in Si, as reported in [1,6,9-

11], with most of the fast diffusers being implanted with the 

higher dose. A summary of the species as well as their 

implantation conditions is shown in Table I. 

The wafers were prepared following a standard CIS 

process up to the photolithography level of the P+ pinning 

ion implantation of the photodiode. After this P+ pinning 

implantation, the metallic ion implantations were carried 

out using the same photoresist. The metal-implanted region 

corresponded to a 200 mm diameter circle centered on the 

300 mm wafers, leaving a non-implanted reference 50 mm-

wide annular region at the edge of the wafers. An 

appropriate wet cleaning of the frontside of the wafers was 

performed to reduce the accidentally induced surface metal 

contamination. Afterwards, the wafers were processed with 

the remaining steps of the fabrication route, including 

different thermal budgets. 



TABLE I.  METALLIC ION IMPLANTATION CONDITIONS 

Metallic 

species 

Implantation 

energy 

(keV) 

Implantation 

dose 

(cm-2) 

Diffusivity in Si 

at 1100 °C 

(cm2/s) 

Fe 110 B 4.15E-06 [1] 

Cr 110 B 2.33E-06 [1] 

Ti 100 A 3.91E-09 [1] 

Mn 110 B 3.36E-06 [1] 

Pd 190 A 4.43E-05 [1] 

W 
25 

A 7.58E-14 [1] 
190 

Mo 180 A 2.19E-09 [6] 

Au 190 A 8.89E-06 [1] 

Zn 130 B 1.05E-07 [1] 

Sn 190 B ~1-3E-15 [10,11] 

Nb 180 A ~1E-07 [9] 

 

Dark images of all the CIS dies in the wafers were 

acquired at 60 °C using integration times of 300 ms and 

10 ms. The dark current of each pixel was estimated based 

on the subtraction of the two images. For each wafer, dark 

current distributions are extracted by averaging all dies in 

the implanted zone (COW for center of wafer) and the non-

implanted reference zone (EOW for edge of wafer), 

excluding an intermediary 1 cm-wide buffer zone between 

these two; the populations are normalized by the number of 

dies in each zone. Afterwards, a ratio of the normalized 

pixel populations in the COW implanted region and the 

EOW reference region is calculated for each wafer (y-axis 

in figures 2-5). 

III. RESULTS 

The mean pixel populations with dark current above 

200 a.u. for each wafer are shown in Fig. 1. This allows for 

a first overview of the impact of the implanted 

contaminants (grouped by dose) on the number of pixels 

with intermediate and high dark current values. In the cases 

of Fe, Cr and Ti, this impact is negligible, which is also 

confirmed when observing their practically identical dark 

current distributions, not shown here. For Mn, Pd and Sn, 

there is a non-negligible impact that remains quite 

moderate. In contrast, the remaining species (Zn, Au, Nb, 

W and Mo) show a significant 1 decade or more increase in 

the number of these pixels, with stark differences in the 

dark current histograms. This study will detail the results 

for Pd, Mn, Au and Nb implantations. 

In the case of palladium implantation, as illustrated in 

Fig. 2, the increase for low dark current values representing 

the main intrinsic population remains negligible, with the 

exception of the region between ~50 a.u. and ~100 a.u., for 

which the population doubles. For this species, the main 

observed impact pertains to the hot pixel exponential tail at 

dark current levels above ~450 a.u., in which an 

enhancement with a factor between 3 and 4 is observed. 

While scarcely studied in the literature, the moderate impact 

evidenced in Fig. 2 may be explained by the nature of Pd 

atoms as a fast diffuser (at least 10 times faster than Fe 

atoms) [1].  

 

Fig. 1. Mean pixel population with dark current above 200 a.u.. W-1 and 

W-2 refer to tungsten implanted at energies of 25 keV and 190 keV, 
respectively. Ref. corresponds to the EOW region of the Fe-implanted 

wafer. 

 

Fig. 2. Relative dark current distribution for wafer implanted with Pd. 

In contrast to the case of Pd, some other species 

introduced well defined peaks that may act as a signature in 

DCS data, allowing for their identification. The first of 

these species is manganese, for which the relative 

distribution is shown in Fig. 3., with a new peak at 

~223 a.u. No other prominent impact is observed in the 

dark current distribution, including the hot pixel tail which 

remains unmodified. Overall, the impact of manganese ions 

on dark current, only estimated in the literature theoretically 

but not experimentally [12],  is quite moderate, as expected 

for a fast diffuser. 

 

Fig. 3. Relative dark current distribution for wafer implanted with Mn. 

The second species for which defined peaks appear is 

gold, as illustrated in Fig. 4, with two peaks positioned at 

dark current levels of ~284 a.u. and ~558 a.u., as well as a 

third peak at ~833 a.u., partially obstructed by the 

saturation observed at the end of the distribution. These 3 

peaks are equidistant and decreasing in amplitude. On top 

of this, a significant tenfold or more increase is perceived 



for pixels with low and intermediate dark current values, 

whereas the hot pixel tail above ~450 a.u. presents a more 

moderate increase. Despite the high diffusivity of Au in Si, 

it has already been shown [8] to have a deleterious impact 

in the dark current characteristics of CIS, possibly due to a 

preferential interaction between Au atoms and Si vacancies, 

coupled with at least one deep acceptor level [1,8].  

 

Fig. 4. Relative dark current distribution for wafer implanted with Au. 

The third and final species which shows clear peaks is 

niobium, as shown in Fig. 5, with two peaks situated at 

~390 a.u. and ~752 a.u., respectively. Despite the saturation 

gauged at the end of the distribution, the impact of Nb 

contamination on the dark current spectrum is dramatic, 

with a strong two decades or more increase in the 

population of pixels with dark current above ~60 a.u. No 

other studies have been found in the literature on the impact 

of Nb contamination on the dark current of Si-based CIS. It 

has however been shown to cause a significant degradation 

in the performance of solar cells [13]. This can in part be 

explained by its classification as an intermediate diffuser, as 

well as by the introduction of at least one deep donor level 

for interstitial Nb [1]. 

 

Fig. 5. Relative dark current distribution for wafer implanted with Nb. 

Among the remaining seven metals included in Table I 

but not detailed in this paper, all of them with the exception 

of Fe, Cr and Ti were shown to have non-negligible degrees 

of impact on the DCS characteristics of the CIS wafers, in 

qualitative agreement with the available literature [2,8,14]. 

IV. DISCUSSION 

It can be ascertained from the literature that two of the 

main factors that determine the impact of a metallic 

contaminant on the dark current characteristics of Si-based 

CIS are their diffusivities in Si, as well as the introduction 

of discrete energy levels close to the Si midgap, allowing 

them to act as efficient SRH centers. In regard to the 

diffusivity aspect, among the four metallic species 

described in this paper, the slowest diffuser (niobium) is 

indeed the one with the most notorious impact on the CIS 

dark current distribution. The results for manganese and 

especially gold might seem unintuitive, as they were shown 

to have a considerable impact on the DCS spectra despite 

their classification as fast diffusers. This can however be 

explained by the aforementioned second factor, being the 

presence of levels close to the Si midgap for both species 

[1,8,12]. Even a small number of metallic contaminants not 

having diffused out of the photodiode depletion region 

could therefore be enough to contribute to a significant dark 

generation current.  

Despite not being as prevalent as other contaminants 

such as Mo or W in ion implanters [2,15-16], some 

overlooked contaminants can still potentially be present in 

trace amounts in a clean room environment. For instance, 

Pd, Mn and Nb could respectively be found during the 

fabrication of interconnectors, ferroelectric memories or 

low resistivity metallic gates [17]. In spite of the prevalence 

of good practices, risks of cross-contamination cannot 

always be excluded, and the dark current characteristics 

presented in this study could be of great interest for helping 

in the identification of metallic impurities accidentally 

introduced during the fabrication of CIS. This is especially 

true in the case of contaminants that we have shown to 

present clear peaks in the relative DCS spectra, as is the 

case for Mn, Au, and Nb. In the case of Au, the observed 

quantization of equidistant peaks suggests a subjacent 

Poisson distribution of metallic atoms in the pixel matrix 

[8]; the three peaks observed in Fig. 4 could therefore be 

attributed to pixels containing 1, 2 and 3 Au atoms in their 

active volume, respectively.  

V. CONCLUSION 

Dark current measurements were performed at 60 °C on 

Si-based CIS wafers implanted close to photodiode junction 

using different metallic species, at relatively low doses. All 

of the four metals presented in this paper (Pd, Mn, Au and 

Nb) were shown to have varying impacts on the dark 

current characteristics of the device, with the most 

deleterious one being that of Nb contamination, possibly 

ascribed to its relatively low diffusivity, allowing it to 

remain in non-negligible concentrations in the depletion 

region after different post-implantation anneals. In the cases 

of Mn, Au and Nb contamination, the observation of 

defined peaks provides a means for their identification 

during accidental contamination; for Au contamination, the 

peaks seem to be equidistant and quantized, showing 

evidence of a Poisson distribution of Au atoms in the pixel 

matrix. In our knowledge, the impact of Pd, Mn and Nb on 

the DCS characteristics of Si-based CIS has not been 

previously studied experimentally in the literature. 
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