
Sensors and Actuators, 6 (1984) 51 - 64 51 

STUDY OF DIFFERENT SENSOR TYPES FOR HIGH RESOLUTION 
LINEAR CCD-IMAGERS 

J VAN DER SPIEGEL*, J SEVENHANS, A THEUWISSEN, J BOSIERS, 
I DEBUSSCHERE and G DECLERCK? 

ESAT Laboratories, Department of Electrical Engrneermg, Katholreke Unrversltelt 
Leuven, Kurd Mercrerlaan 94, B3030 Heverlee (Belgium) 

(Received July 4, 1984, accepted m revised form September 11, 1984) 

Abstract 

A comparative expenmental study of five different sensor types for 
high resolution CCD lmagers will be presented Three diode sensors with 
different doping profiles and two MOS sensors with a transparent poly-Sl 
gate and mdlum-tm-oxide gate were mcorporated m the same CCD struc- 
ture Both CVD SIOZ and polylmlde were used as the msulatlon layer 
between the light shield and the metalhzatlon layer Detailed measurements 
have been done on the optical and electrical characterlstlcs of the different 
sensor configurations The results show the superiority of the single and 
double implanted diodes, vvlth polylmlde as the msulatlon layer 

1 Introduction 

Smce the invention of charge-coupled devices (CCD) m 1970, a lot of 
progress has been made m the field of solid-state lmagmg devices Due to 
the enormous advances of semiconductor technology, the lmplementatlon 
of thousands of sensors in both lme arrays and area arrays has become 
feasible [l - 3 ] This has created substantial interest and new posslblhtles 
m the field of surveillance and mspectlon, facslmlle, terrestrial imaging and 
astronomical spectroscopy 

The contmuous increase m the number of photosensors has been 
accompamed by an optlmlzatlon of the structure of linear arrays The first 
mtegrated slhcon image sensor was a self-scanned photodlode array with a 
digital shift regster for the addressing This structure had the Inherent 
dlsadavantage of poor noise characterlstlcs due to the switching action of 
the MOS transistors (fixed pattern noise) and the large output capacitance 
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of the common output lme This disadvantage could be overcome by the 
charge-coupled devices m which the mformatlon 1s stored and transferred 
as analog charge packets and detected m a small output capacitance [4] 
The mam disadvantage of this device 1s associated with the CCD sensor 
itself, which consists basically of a MOS-capacitor covered with a serrn- 
transparent poly-slhcon electrode Absorption and reflectlon m this multiple 
layer structure severely degrade the spectral response characterlstlcs and 
the response umformlty of the sensor Some years ago a new structure was 
mtroduced, which consists of a photodlode sensor and a CCD shift register 
[ 5 - 71 These devices, which are often called charge-coupled photodiode 
devices (CCPD), have the low noise characterlstlcs of the CCD array and the 
optical properties of the diode sensor The optical and electrical charac- 
terlstlcs combmed with the high packmg density make them attractrve for 
lmear high resolution cameras Table 1 summarizes the charactenstlcs of 
the self-scanned diode array, the CCD and the CCPD image arrays 

The purpose of this study IS a further optlmlzatlon of the optlcal and 
electrical charactenstlcs of the sensor array A detailed theoretlcai and 
experimental mvestlgatlon of both the shift registers and the sensors was 
done Photodlodes with three different profiles and two MOS sensors were 
fabncated The idea 1s to fabricate the sensors usmg the fabrication steps 
of a standard CCD process, with mmlmal modlflcatlons For example, the 
photodlodes will be made by usmg the same dlffuslon as for source and 
dram or by usmg bulled channel lmplantatlon The MOS sensors are covered 
with a poly-slllcon electrode or an mdlum-tin-oxide (ITO) gate The three 
photodlodes and the poly-&con sensor were mcorporated m the same 
bllmear buned channel CCD The IT0 sensor was Implemented m a separate 
CCD with the same structure as the other CCDs The experimental results 
of spectral response, response uniformity, modulation transfer function 
and dark current will be presented and dlscussed 

TABLE 1 

Characterlstlcs of the diode, CCD and CCPD arrays 

Characterlstlcs Diode array CCD (poly-gate) CCPD 

Output capacitance 
Noise 

Spectral response 

Transfer lnefficlency 

large 
frxed pattern noise 
high output noise 
good and umform 

no 

small 
low 

poor blue response 
reflectlons m top layers 
low m burled channel 

small 
low 

good 

low 

2 Design conslderatlons descrlptlon of the sensor types 

Both photodlodes and MOS-capacitors have been employed as sensors 
m CCD lmagers A photodlode has, m general, a better spectral response 
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Fig 1 Diode profile of the three diode sensors 

than an MOS sensor covered Mnth poly-slhcon The photodlode with only 
a layer of slhcon dioxide on top does not suffer so much from absorption 
and reflections But the response of the diode 1s dependent on the diode 
doping profile, the Junction depth and material parameters such as recom- 
bination lifetime, carrier moblhty and surface generation Chamberlam 
proposed a double unplanted diode to improve the blue and visible wave- 
length quantum efficiency [8] This type of diode, together with a single 
implanted and a diffused diode, has been mcorporated m one CCD Figure 1 
gives the concentration profiles of the three diodes after a complete CCD 
process The profiles were simulated by the program Supreme [9] and 
checked with spreadmg resistance measurements The diffused diode has 
the highest surface concentration and the largest Junction depth The double 
implanted diode has the same profile as the single Implanted one, except 
for the shallow arsenic implantation 

The MOS sensor covered with a semi-transparent electrode can be 
regarded as a field-induced Junction, m which the collected electrons are 
stored m an mverslon layer at the interface The depletion layer extends 
from the surface on so that the minority carriers that are generated close to 
the surface will not recombine before they are collected In this respect an 
MOS sensor IS superior to the diode m which the generated tamers have to 
diffuse to the Junction some distance away from the surface On their way 
they might recombine, giving rise to a lower blue response This inherent 
advantage of the MOS sensor can only be realized when the electrode 1s fully 
transparent A poly-ahcon electrode IS not, especially m the blue re@on of 
the spectrum 

In order to 
which has a high 
an electrode [ 101 

3 Fabncatlon 

take advantage of the MOS sensor, mdlum-tm-oxide, 
transmission m the visible spectrum, was implemented as 
This sensor will be compared urlth the four others 

Bumed channel CCDs wth three and four clock phases were built The 
substrate 1s (100) p-type Sl and has a reslstlvlty of 24 - 26 s2 cm 
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The charge-coupled devices were fabricated usmg a standard three 
layer poly-slhcon technology The gate oxide was grown in an oxygen 
atmosphere ulth 0 1% trlchloroethane at 1025 OC, and had a thickness ol 
120 nm The burled channel was Implemented by a phosphorous Implanta. 
tion of 1 X 1012 crne2 or 1 2 X 101* cm-* at 150 keV The whole chip was 
covered by an alummlum shield m which a sht of 12 pm was etched on top 
of the sensors This alummlum layer was isolated from the bottom one by 
a 3 ,um CVD SrO, or polylmlde layer The sensors were defmed m the 
lon@tudmal direction by a 5 pm wide stopper dlffuslon and thick oxide 
(locos) The sensor pitch was 12 pm The five sensor types were fabricated 
as follows 

(1) The diffused diode was reahzed by the phosphorous dlffuslon. 
which also defines the source and dram diodes 

(n) The phosphorous implanted diodes were fabricated together with 
the channel implantation 

(111) The double implanted photodlodes were made m two steps The 
first lmplantatlon was the same as the burled channel implant The second 
Implantation was an addItIona arsemc implant of 1 0 X 1Ol4 cm-* dose and 
30 keV energy 

(IV) The fourth sensor type was an MOS capacitor covered with a poly. 
slhcon electrode made m the third poIy-sIllcon layer, which has a thickness 
of 500 nm Because this poly-slhcon layer was also used as electrode material 
m the shift registers, this thickness has not been optlmlzed to achieve maxI- 
mum quantum efflclency This sensor was not implanted 

(v) The fifth sensor was covered wtth an mdlum-tin-oxide electrode 
This sensor was mcorporated m a separate CCD 

The mdmm-tm-oxide layer (ITO) was implemented after the first 
etching of the contact windows of the CCD shift registers, but before the 
final high temperature treatment A d c magnetron sputtermg technique 
was applied to deposit the IT0 film on the wafers The metal target (90% 
In-IO% Sn) was sputtered m a reactive atmosphere (50% O,-50% Ar) to 
give a transparent nonconductlve ITO-film After wet etching of the layer 
(posltlve resist, HI-etchant), the standard CCD process 1s continued At the 
end of the complete process, mcludrng the final annealmg step at 450 “C 
in forrnmg gas, the ITO-strips which act as gates had the followmg charac- 
teristics 

thickness 400 nm 
sheet resistance 10 Q/Cl 
light absorption < 5% for h = 500 nm 

< 30% for A = 400 nm 
refractive mdex 2 

The apphed ITO-technology needs only one extra photo-mask and a few 
extra processing steps m comparison with the standard CCD process 
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4 Results and dlscusslon 

A Dark Current 
The dark current, which 1s the result of thermal generatlon m a charge- 

coupled device, 1s one of the most Important electrical characterlstlcs The 
thermally generated charges, which constitute the dark current, add to the 
optically generated carriers and Qstort the output signal A detailed study 
was done on 250 CCDs The average values of the dark slgnal after 1 s 
mtegratlon time are @ven m Table 2 Little difference was found between 
the first four sensor types The contrlbutlon to the signal after 1 s 1s only 
15% of the saturated output signal, and about 50% of the buned channel 
maximum output signal The ITO-covered MOS sensor has a much larger 
dark current This 1s due to the radiation damage mtroduced durmg the 
IT0 sputtenng The dark current non-unlformlty was found to be the same 
for all sensor types and was less than +4% 

In order to fmd out the mam contrlbutlon to the dark current, the 
dark signal was measured as a function of the mtegratlon time by operating 
the CCD m the mtegratlon mode Figure 2 depicts the result of the experi- 
ment for a double implanted diode A similar response was observed for 
the other sensor types Using an active area of 2 9 X 10e5 cm2, a dark current 
density of 2 9 nA/cmZ 1s found The IT0 sensor has a dark current density 

TABLE 2 

Average dark slgnal output after 1 s mtegratlon time at 22 “C 

Sensor type Diffused 1 X Imp1 2 x Imp1 Poly IT0 

V out (mv) 214 221 215 229 1100 

Standard 38 41 36 46 110 
deviation (mV) 

DARK CURRENT 

*F 
OUTPUT VOLTAGE (V] 

TEMP 22’C 

INTEGRATK)N TIME 1Secl 

Fig 2 Dark slgnal output as a function of the mtegratlon time during CCD operation 
(temp 22 “C) 
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of 15 nA/cm2 At room temperature the dark current m a CCD consists of 
the generation current Jg m the space charge layer and the surface generatlon 
current J, 

Jg = qn,WG/Tg fl) 

Js = q*lScl (2) 

where q IS the elementary charge, n, the mtrmslc carrier density, r, the 
generation lifetime, s0 the surface generatmn current at a depleted surface 
and WG the generation width [ 111 The generatlon width decreases with the 
number of collected charges m a packet so that expresslon (1) will cause a 
non-lmear dependence of the dark current on the mtegratlon time This 
was not observed m the experiments, as illustrated m Fig 2 The good 
umformlty of the dark current and its observed linear time dependence also 
rule out dlslocatlons and other near surface defects as the mam cause of the 
current [12] This lmphes that the generatlon at the depleted surface 1s the 
mam generatlon source Pulsed capacitor measurements revealed a generation 
hfetlme of 9 ms for the CCDs vvlthout the ITO layers Using this value m 
eqn (1) gives a generatlon current m the space charge layer of only 0 07 
nA/cm’, which confirms the former observation By dlsconnectmg the 
sensors from the CCD shift regrsters by proper biasing of the transfer and 
storage gate, It was found that the contrlbutlon of the sensor Itself to the 
total dark current was less than 10% Usmg expression (2) and an area of 
I 8 X lo-’ cm2 for the depleted surface m the CCD shift registers, values of 
l 9 cm/s and 9 5 cm/s are found for the surface generation velocity so 
the sensor wlthout and Mth an IT0 gate, respectively This leads to 
conclusion that the main contribution to the dark current comes from 
surface generation m the shift registers 

for 
the 
the 

B Response non-unlrormrty 
The response non-undormlty was measured on the five sensor types as 

a function of the wavelength by Illummatmg the CCDs through interference 
filters with a bandmth of 10 nm The response non-umformlty (RNU) 1s 
defined as follows 

RNU = AVs - x100 
V, 

where AV, IS the peak-to-peak non-umformlty and V, 1s half the maximum 
output voltage The results of the experiments are sven m Fig 3 The curves 
are average values over the tested CCDs The RNU increases at both high and 
low wavelengths, except for the IT0 sensor which has a constant RNU at 
short wavelengths The lowest RNU IS obtained for the single implanted 
diode and the highest for the poly-sillcon covered MOS sensor There are two 
causes for the non-uniformity The first one IS the geometrical defmltlon of 
the sensor by the alumlmum shield Etch lrregularltles modify the sensor 
area and degrade the RNU This effect 1s the same for all sensor types and 
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Fig 4 Response non-umformlty 
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1s wavelength mdependent The smoother the surface, the better the sht m 
the alummlum can be defined The influence of the etching was clearly 
demonstrated by replacmg the CVD SIOz by polylmlde as msulatlon This gave 
nse to a much smoother surface and better etching of the alummlum layer 
[13] The RNU measured on these devices IS shown m Fig 4 A response 
non-umformlty as low as + 1% can be obtained The fact that the RNU 1s 
still wavelength dependent proves that another factor determines the um- 
formlty This component 1s due to varlatlons m material, both on top of 
the sensor and m the bulk of the material, such as thickness non-undormlty 
and vanatlons m surface and bulk recombmatlon At short wavelength Irradla- 
tlon, which has a small penetration depth, the surface properties are lm- 
portant The thickness variation of the poly-silicon on top of the MOS sensor 
IS particularly important and causes a srgrnflcant non-undormlty This 
explams the poor RNU of this sensor type The mdlum-tin-oxide covered 
sensor, which has a much smaller absorption, suffers less from thickness 
varlatlons The single unplanted diode has the lowest RNU, which stays 
quite constant up to 400 nm The larger non-umformlty of the diffused 
and double implanted diode m this wavelength region might be due to the 
high surface concentration of phosphorous and arsenic respectively As a 
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result of this, the surface region of the crystal will be more perturbed, 
which mfluences the surface recombmatlon velocity and recombmatlon 
lifetime Also non-umformltles m the lmplantatlon can degrade the response 
uniformrty 

The Increase m RNU for wavelengths larger than about 750 nm IS 
due to varlatlons m the bulk generation The average penetration depth IS 
now considerably larger than the space charge layer wrdth, so that the 
generated carriers have to diffuse before they are collected m the Junction 
Due to the bulk defects, the diffusion length will vary from place to place, 
mfluencmg the number of collected carriers 

In the range between 500 nm and 700 nm the penetration depth of 
the hght lies between 1 pm and 2 pm, so that most of the hght IS absorbed 
m the space charge layer, m which the recombmatlon 1s neghglble This IS 
the reason for the low RNU values in this spectral range 

The contrlbutlons to the RNU at 400 nm, m addltlon to the geometric 
one, are similar for both the CVD S10, and polyrmlde samples, except in 
the case of the MOS sensor At a wavelength of 1000 nm, the difference m 
the additional RNU contrlbutlons between the S102 and polylmlde samples 
1s more pronounced for all sensor types There IS no clear reason why this 
difference would be caused by the presence of polylmlde or SIOz 

C Spectral response and quantum effxlency 
The spectral response R and the quantum efflclency were obtamed 

from measurements of the output voltage at the on-chip pre-amphfler The 
relationship between the output voltage V,, the quantum efflclency q and 
the spectral response IS as follows 

R=* 
he 

(5) 

where 4 IS the elementary charge, h 1s Planck’s constant, c 1s the velocity 
of light, h 1s the wavelength of the incident radiation, V, 1s the output 
voltage, C, IS the output capacitance of the CCD, cy, IS the gam of the out- 
put amplifier, As the sensor area, Tint the mtegratlon time and 1, the mcl- 
dent hght power den&y 

Figure 5 gives the spectral response of the five sensor types On the 
same Figure, the lmes of constant quantum efficiency are also drawn 

The IT0 sensor IS superior to all other sensor types, especially m the blue 
region of the spectrum With respect to the poly-&con sensor, for wavelengths 
smaller than 600 nm the response of the IT0 sensor 1s spectacular This 1s 
due to the fact that the poly-Sl storage gate absorbs a large amount of the 
incident light If the wavelength of the hght exceeds 600 nm, the difference 
in quantum efflclencles between the two capacitor sensors 1s still a factor 
2 5 In this range of the visible spectrum, the poly-Sl absorbs less incident 
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Fig 5 Spectral response and quantum efflclency of the fwe sensor types 

photons and the residual gam m spectral response of the IT0 sensor 1s 
mamly due to less reflective losses at the different interfaces of the struc- 
ture. The higher response of the IT0 sensor with respect to the different 
photodiodes IS due to the better reflectrve characterlstlcs of the structure 
vvlth the IT0 storage gate The multi-layer structure can more easily be 
optxxlly matched to the Sl substrate than the single SlO, film of the photo- 
diodes Also the lack of high doping effects and the negligible surface recom- 
bination m the MOS sensors enhance their response compared with the 
photodlodes In particular, the diffused photodlode suffers severeIy from 
high doping effects As a result of this, the mmorlty carrier hfetlme decreases 
considerably, so that a substantial number of charge carriers recombme 
before they are collected m the Junction It has been proved by Chamberlam 
et al [14] that the previous phenomenon and the retarding field of the 
effective doping profile are the mam causes of the response degradation m 
the blue spectral reson The unplanted diodes, which have a lower dopmg 
level and a shallower Junction, are much less influenced by the detrimental 
high doping effects. The built-m electrx field m the double Implanted diode 
is the reason why the profiled structure has a better response than the smgle 
implanted one 
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E Modulatron transfer function (MTF) 
The modulation transfer function was measured by proJectmg a black 

and white bar pattern upon the CCD through a high quality lens In order 
to obtain the MTF, the measured square wave response must be transformed 
to a sme wave response The MTF of the sensor IS obtamed by taking into 
account the MTF of the lens 

To compare the different sensor types, it 1s suffxlent to take the 
square wave response Figure 6 gives the results of the measurements for 
wavelengths of 500 nm and 800 nm There 1s no pronounced difference 
between the sensor types, although the implanted diode has a shghtly 
better MTF at 500 nm whereas the diffused diode with Its larger Junction 
depth IS better at long wavelengths The poly-s&on covered MOS sensor 
has the poorest MTF at both short and long wavelengths For shorter wave- 
lengths, this 1s caused by the thxkness varlatlon m the top layers At longer 
wavelengths, the smaller MTF IS due to the shallower space charge layer m 
comparison with the diodes 

SClUARE WAVE RESPONSE 

+ OIFFUSEO 
x 1xlMPL 
* 2xlMPL 

- 6 MOS IT0 

0 20 40 60 
SPATIAL FREQUENCY [ Lp/mmJ 

Fig 6 Square wave response of the system ‘lens + sensor’ as a function of spatial 
cy at 500 nm and 800 nm 

5 Conclusions 

frequen- 

Five different sensor types, of which four were fully compatible with 
standard CCD technology, were implemented on the same CCD structure 
The five sensor types were evaluated as far as dark current, response um- 
formlty, spectral response and modulation transfer function are concerned 
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TABLE 3 

Rankmg of the five sensor types 

Characterlstlcs Diode sensors MOS Sensors 

Diffused 1 X Imp1 2 X Imp1 Poly-Sl IT0 

Dark current (1) (1) (1) (1) 5 
RNU 4 1 3 5 2 
Spectral resp 4 3 2 5 1 
MTF, short h 4 1 2 5 3 
MTF, long x 1 4 3 5 2 

Table 3 gives an overview of the experiments performed and a ranking of 
the sensor types The sensor with the best characterlstlcs gets a “l”, the one 
unth the poorest a “5” When no considerable difference 1s found, the 
numbers are put m parentheses 

The dark currents for the &ode and the poly-W sensor were slmllar 
and very low The IT0 sensor had a much higher dark current, which was 
attnbuted to the radiation damage during sputtermg of the IT0 layer The 
mam contrlbutlon to the dark current m all the sensor types was the surface 
generation at the depleted surfaces m the shift regsters The response um- 
formrty was found to be wavelength dependent and to increase at both 
long and short wavelengths The geometrlcal influence of the non-umformlty 
was reduced conslderably by using polylmlde as msulatlon between the 
first metal layer and the alummlum hght shield The best results were ob- 
tamed for the smgle implanted photodlode The RNU for this sensor type 
was as good as +_l% For spectral response the IT0 sensor was superior, 
especially m the blue reson of the spectrum The disadvantage of this sensor 
1s that its fabrlcatlon technique has a detrlmental influence on the dark 
current High quantum efflclencles were also obtained with the double 
implanted diode, m which the built-m field helps the generated carriers to 
drift towards the Junction The modulation transfer function was obtamed 
from the square wave response measurements The five sensor types showed 
a sunllar behavlour At short wavelengths the Implanted diodes showed a 
slightly better MTF, whereas at long wavelengths the diffused diode 1s best 
because of the deeper Junction It can be concluded that the IT0 sensor 
has supenor optical charactelnstlcs but that because of the high dark current 
and the non-standard technology, It 1s less suited for CCD lmagers The 
IT0 sensor 1s followed by the Implanted diode The double implanted one 
has better spectral response but the single implanted one has the best re- 
sponse umformlty An argument m favour of the latter diode 1s Its simple 
fabncatlon technology The poorest results are obtamed for the poly-s&on 
covered MOS sensor, and this 1s almost entuely due to the large absorption 
m the poly-slhcon layer This effect can be reduced by worhng with a 
thinner poly-srhcon layer The use of polylmlde as lsolatlon between the 
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two alumn-num layers gwes a pronounced improvement m response um- 
formlty over CVD slhcon dioxide 
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