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Abstract 

With ‘photo-ASKS’ comprlsmg hght-sensitive structures, hght-emmmg devices and analog and chgtal clrcults, 
complete optlcal metrology systems can be Integrated on a smgle chip We report the reahzatlon of key components 
of such photo-ASICs usmg an mdustrual IC CMOS process We achieve photodlodes with an external quantum 
efficiency of 50-80% m the visible spectrum and posItIon-sensltlve devices (PSDs) with a spatial non-hneanty of 
around 0 3% We demonstrate surface-channel CCDs with a charge-transfer efficiency of 99 8% at room tempera- 
ture, as well as bucket-bngade devices (BBDs) with a lower charge-transfer efficiency of 96% Light-emlttmg diodes 
(LEDs) are reahzed, emlttmg Infrared hght at 1160 nm (forward blased) and broadband vlslble yellow light with a 
spectral maximum at 640 nm (reverse biased) We discuss simple apphcatlons of passive photo-ASKS, such as a 
centrmd detector, a 3-D camera, a motion detector and a focus sensor, used to obtam a relative measure for the 
local focus of an optically Imaged scene, for example, m a photographic camera 

1. Introduction 

It IS well known that radiation with photomc 
energies exceeding the band gap of semiconductor 
material generates charge carriers m the semlcon- 
ductor If the same semiconductor material 1s used 
to fabricate analog and dlgltal circuitry, it IS 
stralghtforward to comtegrate analog, digital and 
photosensltlve elements on the same chip These 
chips, called ‘photo-ASICs’, ‘opto-ASICs’ or, 
more suggestlve!y, ‘seemg chips’ [ 11, are capable of 
realizing optlcal sensmg elements and associated 
processing electronics on the same substrate Since 
modem design, layout and simulation tools are 
readily available for PCs and workstations at very 
low cost, and since many slhcon foundries runnmg 
standard semiconductor processes offer mexpen- 
slve multi-proJect wafer services, it has become 
possible for a wide range of researchers and engl- 
neers to exploit the potential of photo-ASICs for 
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many practrcal apphcatlons This capablhty has 
been used extensively for the simulation of certain 
properties of blologlcal vision systems m &con 

[29 31 
Optical metrology apphcatlons of photo-ASICs 

[4] have barely been broached hitherto, because 
the optoelectronic propertles of the devices are 
more critical m such applications The purpose of 
this work 1s to investigate whether an mdustrlal 
CMOS process (normally used for low-power low- 
noise analog and dIgIta clrcults for battery-driven 
devices such as heanng alds) 1s suitable to reahze 
photo-ASICs for integrated optlcal metrology 

The CMOS process chosen 1s SACMOS-3 
offered by FASELEC [5], an established, simple 
and mexpenslve silicon p-well process (single poly, 
single metal) with 3 pm design rules and self- 
aligned contacts This process was used to mte- 
grate prototypes with various electro-optical 
properties In Section 2 different types of photodl- 
odes are discussed The good uniformity of the 
semiconductor layers can be Inferred from the 
excellent linearity of a PSD (posltlon-sensitive 
device), as discussed m Sectlon 3 In Section 4 we 
demonstrate that it 1s also possible to integrate 
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surface-channel CCDs (charge-coupled devices) 
wth reasonable charge-transfer efficiencies, albeit 
at high voltages Although slhcon 1s an indirect 
band-gap material, it IS feasible to Integrate light 
sources (slhcon LEDs) with the same CMOS pro- 
cess In Section 5 practical results for near-infrared 
and visible light emitters are shown Three dlffer- 
ent apphcatlons of photo-ASICs are demonstrated 
m Section 6, dlustratmg the practical use of this 
readily avaIlable technology for practical optlcal 
metrology apphcatlons Sectton 7 offers a dlscus- 
slon of the potential of photo-ASICs and an as- 
sessment of their future use m science and 
engineering 

2. Photodiodes 

Four different types of square pn-Junction 
photodlodes were realized, each with an area of 
100 pm x 100 pm, as illustrated m the cross sec- 
tlons of Fig 1 All photodlodes exhibit external 
quantum efficlencles between 50 and 80% m the 
vlslble, extendmg to the near infrared up to 
around 1150 nm Figure 2 shows a typical spectral 
response as measured for the n-p- diode (the 
left-most diode m Fig 1) The spectral oscillations 
are caused by optlcal interference at the passlva- 
tlon interfaces Suitable anti-reflectlon coatmgs 
could reduce these interference effects appreciably 

Surface leakage currents are found m the 
n+p-n- structure, reducing the open-loop voltages 
at all light levels and reducmg the short-circuit 
current under strong lllummatlon This 1s proba- 
bly caused by edge breakdown m the pn-Junction’s 
space-charge region at the surface [6] In the p+n- 
diode this was successfully avoided through the 
use of a p- guard rmg Dark currents of less than 
1 pA at room temperature are measured for the 
photodlodes 

Fq 1 Cross se&Ions of four &fferent types of photo&odes mte- 
grated usmg a simple mdustrml CMOS process, offermg one polynh- 
con and one metal layer Note the guard-rmg m the second 
photo&ode from the left, which successfully prevents edge breakdown 
and reduction of the open-loop voltage 
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Fig 2 Absolute spectral response (external quantum efficiency) of 
the n-p- photo&ode shown m Fig 1 at the left The spectral 
oscAlatlons are caused by Interference effects at the passivatlon mter- 
faces, wtuch could be substantially reduced with s&able anti-reflec- 
tion coatmgs 

Rg 3 Lateral photo&odes, m wluch the width of the space-charge 
regons IS controlled with the reverse&as voltage In this way the 
photosensltwe area can be controlled electncally, leadmg to a voltage- 
controlled fast aperture sensor 

Figure 3 illustrates a lateral photodlode, created 
by a dense arrangement of predommantly vertical 
pn-Junctions The (lateral) width of the diode’s 
space-charge region can be adjusted with the re- 
verse voltage In this way the photosensltlve area 
can be changed by applying a suitable voltage 
Without additional masking or post-treatment of 
the structure, this effect amounts to about 5% m 
our device It 1s expected that this could be en- 
hanced slgmficantly so as to arrive at a photode- 
tector with an electrlcally controlled fast aperture 

3. Position-sensitive device (PSD) 

It IS also possible to design and fabncate lateral- 
effect photodlodes, also called posltlon-sensitive 
devices (PSDs), with a simple CMOS process such 
as the one used here Since a PSD relies on the 
current-dlvldmg properties of a resistive layer, the 
linearity with which the posltlon of a hght spot 
can be determmed 1s a direct measure of the 
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Fig 4 Geometrical lmeanty of a CMOS poatlon-sensltwe dewce 
(PSD) The obtamed devlatmn from perfect hnearlty of Cl 2% r m s IS 
close to that a&lewd wth the best commercially avadable PSDs 

umformlty of the correspondmg doped semlcon- 
ductor layer 

Our PSD 1s formed by a low-reslstlvlty p+ layer 
(sheet resistance 170 Q/O) contacted at opposite 
edges The n- substrate 1s contacted at all sides of 
the 0 9 mm x 0 1 mm rectangular PSD Because of 
the omtsslon of a p- guard rmg, the open-loop 
voltages were much lower than for the p+n- diode 
described above Nevertheless, the posltlonmg per- 
formance of this one-dlmenslonal PSD proved to 
be very good A small light spot 1s scanned across 
the PSD and the posltlon signal 1s recorded This 
posltlon signal 1s gven by the ratio of the dlffer- 
ence and the sum of the output currents at the two 
p+ contacts The geometrlcal non-lmeanty, ~llus- 
trated m Fig 4, was typically less than 0 5”/, m 
one device even as low as 0 2%, m the central 
0 8 mm of the device This performance comes 
close to the one offered by commercial PSDs tuned 
for precision measurements 

The extension of a one-dlmenslonal PSD to a 
two-dlmenaonal low-dlstortlon PSD mth 
switched MOSFET gates for multiplexed coordl- 
nate measurements [7] is stralghtforward Thus we 
conclude that a standard mdustnal CMOS process 
1s equally well suited for high-performance two-dl- 
menslonal PSDs Investlgatlons to prove this point 
are in progress 

4. Charge-coupled devices (CCDs) and 
bucket-brigade device (BBD) 

Since its invention m 1970 [ 81, the charge- 
coupled device (CCD) has made a dramatic im- 

pact on solid-state image sensing and srgnal-pro- 
cessmg [9] speclahzed CCD processes and designs 
have been used to realize CCD lmagers with up to 
4096 x 4096 pixels [lo], noise levels below 0 5 
electrons r m s [lo] and smgle-channel clocking 
speeds exceeding 100 MHz [ 1 l] All these advances 
are based on the CCD’s properties of offering 
virtually noise-free and lossless charge transfer 
achievable with basically very simple MOS struc- 
tures Actually measured charge-transfer mefficlen- 
ties are as low as 10m5 per transfer 

For these reasons it is of interest to investigate 
to what extent a standard mdustrlal CMOS pro- 
cess can be used to realize CCDs and what their 
performance 1s To avoid the charge-trapping and 
recombmatlon problems associated with semlcon- 
ductor-oxide surfaces, almost all modern CCDs 
are of the buned-channel type [9] This requires an 
additional shallow implant, which 1s optionally 
available m some speclahzed CCD-CMOS pro- 
cesses, e g , the 2 pm n-well FORESIGHT process 
[ 121, but not m a normal CMOS process This 
implies that a surface-channel CCD architecture 
must be employed Since it has been shown that 
charge-transfer efficiencies of 99 98% and more are 
also achievable m surface-channel CCDs [ 131, this 
1s not a serious hmltatlon except m hlgh-perfor- 
mance imagmg applications 

While modern CCD processes use overlappmg 
electrodes to avoid parasitic channel potentials 
(barriers or wells), the practical results shown m 
ref 13 and the detailed exammatlon of non-over- 
lapping electrode effects m ref 14 make It clear 
that CCDs that work well can also be obtained 
with non-overlappmg electrodes, albeit at the ex- 
pense of higher electrode potentials for equal per- 
formance This means that CCDs are also 
practical with simple and low-cost CMOS pro- 
cesses, such as the one investigated m the present 
work, offering only one level of polyslhcon for 
non-overlappmg electrodes 

A simple linear CCD structure realized with the 
described SACMOS-3 process consists of a three- 
phase arrangement of two-level polyslhcon elec- 
trodes with a size of 36 pm x 36 pm As dictated 
by the design rules, a 3 pm mterelectrode spacing 
had to be used With such a large spacing, high 
voltages are expected for reasonable charge-trans- 
fer efficiencies [ 13, 141 m our experiments, the 
best results are obtained with clock levels of 
- 11 V and -26 V with respect to the substrate 
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The clock frequency employed 1s low, namely 
6 6 kHz, because all clocking patterns are gener- 
ated by a PC m real time for slmphclty 

In an mltlal experiment the charge transfer 
showed a strong dependence on charge-signal 
level, with typical values for the charge-transfer 
efficiency of 95-98% As a means of injecting 
charge mto the CCD, we either proJect a spot of 
red light from a modulated LED onto the CCD, 
or we apply a pulse at the CCD’s input diode 
When carriers are generated only under one elec- 
trode (m one potential well) the detected amount 
of charge m the subsequent potential wells 1s mde- 
pendent of the number of generated carriers,, as 
long as it exceeds a certain limit This suggests the 
presence of a certain number of surface states, 
capable of trapping carriers and partly re-emlttmg 
them into succeeding charge packets This problem 
IS solved by the so-called ‘fat zero’ technique, 
conslstmg of the mtroductlon of a fixed bias 
charge mto each charge packet m order to keep 
the surface states permanently occupied With this 
signal ‘offsetting’ technique the trappmg of signal 
charge 1s largely avoided In our experiment a 
constant bias of -0 75 V at the mput diode m- 
creases the charge-transfer efficiency to 99 8% 

With a modern CMOS process exhibiting mml- 
mum feature sizes of around one micron or smaller, 
mterelectrode spacings can be reduced substan- 
tially This leads to reduced voltage requirements, 
and possibly to better performance [ 141 It 1s ex- 
pected that surface-channel CCDs manufactured m 
this way can be of interest for small-area image 
sensing and ‘seeing chips’ [ 151, monohthlc combl- 
nations of image sensors and CMOS analog and 
digital image-processing circuitry 

A similar structure to a CCD 1s the so-called 
bucket-bngade device (BBD) [ 161 Like a CCD, 
the BBD 1s a charge-transfer device, but It 1s 
essentially an MOS device fully compatible wrth a 
CMOS process, requiring only simple clocking 
schemes and non-cntlcal output drivers 

The linear BBD reahzed consists of 16 metal 
electrodes (32 pm x 36 pm area each) and polyslh- 
con gates to provide tetrode lsolatlons for lm- 
proved performance as described m ref 17 a 
two-level two-phase clock and d c biased polynh- 
con gates separating nelghbourmg electrodes are 
used Nevertheless, the measured charge-transfer 
efficiency 1s only shghtly above 96% with the 
clocks operating between - 11 5 V and 3 5 V at 

6 6 kHz and the d c bias gates held at -6 5 V 
This dlsappomtmg result, although not fully un- 
derstood, reproduces the findmgs of other re- 
searchers that CCDs generally perform better than 
comparable BBDs [ 181 

5. Infrared and visible light emission from 
silicon LEDs 

Since silicon 1s an indirect band-gap semtcon- 
ductor with an energy gap of 1 1 eV, it IS generally 
assumed that (1) s&on 1s a very mefficlent emlt- 
ter of light, and (n) light emlsslon 1s restricted to 
the near infrared where sdlcon 1s re-absorbmg very 
mefficlently In contrast to these widely held views, 
we demonstrate that infrared and vlslble hght 
emlsslon from s&con 1s practical and that pertl- 
nent devices can be realized mexpenslvely by m- 
dustnal CMOS process 

Although the radlatlve recombmatlon probabll- 
ity B of a direct band-gap semiconductor such as 
GaAs IS more than four orders of magnitude 
larger than that of slhcon [ 191, the higher carrier 
concentrations n and p m slhcon at room tempera- 
ture lead to a radlatlve recombmatlon rate R 

R=Bnp=Bnf (1) 

for thermal eqmhbrmm that 1s two orders of mag- 
nitude hzgher m slhcon than m GaAs [ 191 For this 
reason slhcon can be expected to provide a light 
emitter with reasonable efficiency The energy gap 
of 1 1 eV implies that light emlsslon will be m the 
near mfrdred, 1 e the spectrum will exhibit a max- 
imum at a wavelength slightly above 1100 nm 

Using the above CMOS process, we fabricated 
an mterdlgltated diode structure, conslstmg of 
3 pm wide and 0 5 pm deep fingers of a metal-cov- 
ered n+ -implant m a p-well The p-well 1s con- 
tacted with 3 pm wide and 0 6 pm deep fingers of 
a metal-covered p+-Implant, separated from the 
n+-fingers by the mlmmum dimension of the pro- 
cess of 3 pm Carner concentrations m the dlffer- 
ent regions were 3 x lOI for the n+ Implant, 10” 
for the p+ contact and 1 5 x lOI for the p-well 
This structure with active dlmenslons of 
70 pm x 100 pm, illustrated m Fig 5(a), acts as a 
light-emitting diode (LED) for the near infrared 
when It IS forward biased Typlcal emlsslon spectra 
as measured with a Fourier transform spectrome- 
ter are shown m Fig 6 As expected, the maximum 
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(a) 

(b) 

I-ig 5 lnterdlgltated CMOS sthcon LED, capable of enuttmg IR 
hght and vwble hght The Acon LED, 70 pm x 100 pm m sue, IS 
situated between two bondmg pads through which It 1s powered 
(a) Mxrographx wew of the slhcon LED en-uttmg vlslble (whmsh- 
yellow) l&t spots taken with a standard black-and-white film The 
surroundmg area of the Acon LED IS dlummated by the microscope 
lamp (b) Same wew, but with the mIcroscope lamp swtched off 
Note the reflexes of the generated hght spots m the bondmg balls 

8ooO 10000 12000 
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Fig 6 Infrared spectrum of the sAcon LED operated m forward 
txas, as measured wth a Founer transform spectrometer The spec- 
trum 1s centred at I160 nm (as expected from theory) with a FWHM 
of around 70 nm 

emission occurs at an energy of 1 07 eV, corre- 
sponding to an emlssron wavelength of 1160 nm 

From our quantltatlve measurements of total 
emltted optical power, we estimate that the quan- 
tum efficiency of our s&con IR-LED 1s almost 
lop4 and only weakly dependent on the current/ 
voltage settings used This value IS achieved with a 
simple diode structure usmg a standard mdustrlal 
CMOS process, proving that sIllcon IR-LEDs are 
feasible even with non-optimized processes 

As expected from theory, the spectrum of Fig 6 
does not contam visible light emlsslon Neverthe- 
less, it was observed already m 1955 that slhcon 
diodes can emit visible light if they are operated m 
controlled breakdown [20-221 This effect, albelt 
not widely known, has also been used for an 
mdustrlal apphcatlon, namely exposing digits onto 
photographic film [23] Recently this topic has 
been re-investigated [24], with the aim of mono- 
lithic slhcon opto-coupler apphcatlons 

The same CMOS-fabricated slhcon LED as de- 
scribed above can be used to demonstrate visible 
light emlsslon from &con since the p-well 1s so 
lightly doped, a relatively high reverse voltage of 
25 V 1s required to drive the diode mto controlled 
avalanche breakdown [25] Figure 5(b), taken with 
ordinary black-and-white film through a mlcro- 
scope, illustrates that vlslble light 1s emitted, which 
1s easily perceived as being of whitish-yellow 
colour with the unaided eye As described m ref 
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20, the light 1s emitted at or near the Junction, and 
it consists of small light spots whose posltlons do 
not change with tnne Since the apparent diameter 
of the spots 1s close to the resolution hmlt of the 
mlcroscope used, the true spatial extent of the 
light spots cannot be established with the mstru- 
ments at our disposal The (corrected) spectrum of 
the emitted hght, acquired with a sensitive SPEX- 
100 spectrometer normally used for Raman-effect 
and photolummescence measurements, 1s shown m 
Fig 7 It reveals that the emltted light has a 
dlstmct maximum at around 650 nm This 1s m 
remarkable contrast to published spectra of vlslble 
light emlsslon m slhcon [20-241, which show no 
pronounced peak below 1100 nm It 1s not under- 
stood yet what causes this discrepancy, but a 
spectrum such as the one m Fig 7 1s highly 
desirable because it represents a perfect match to 
the absorption characterlstlcs of &con 

Quantitative measurements mdlcate that the 
above CMOS slhcon LED emlts vlslble and near- 
IR light with an efficiency of only around lop8 
This efficiency 1s below the value given m ref 23, 
which 1s not surpnsmg because neither the CMOS 
process nor our structures can be optlmlzed for 
vlslble light emlsslon An obvious improvement, 
currently under mvestlgatlon, 1s the employment 
of higher dopmgs for n+p+ diodes as described m 
ref 24, making it possible to work with reduced 
breakdown voltages of around 5 V 

Complete theoretical understanding of the 
effects mvolved m producing vlslble hght from 
avalanche-induced hotcarner recombmatlon has 
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Fig 7 Vlslble/near Infrared spectrum of the Acon LED operated m 
controlled avalanche breakdown This emlsslon spectrum, measured 
wth a sensttwe SPEX-100 Raman spectrometer, 1s perfectly matched 
to the response of Acon photodetectors The emltted hght IS of 
whltlsh-yellow colour 

not been attained yet, but first approaches have 
been published recently [26] Once the mechamsms 
for vlslble light emlsslon are sticlently well 
known, it may be possible technologically to optl- 
maze visible LEDs m slhcon Such a development 
1s highly desirable the mtegratlon on one siltcon 
chip of detectors, spectrally matched light sources 
and analog and dig&al signal processing would 
open many new practical apphcatlons m the area 
of optical metrology, makmg low-priced custom- 
designed sensor solutions to optical metrology 
practical 

We finally mention newer developments of low- 
dlmenslonal (‘porous’) slhcon structures that show 
high-effictency photolummescence m the vlnble 
[ 271 Such low-dlmenslonal quantum wire or quan- 
tum dot structures must either be specially grown 
onto, or etched into, fimshed devices, and there- 
fore are not compatible with an mdustrlal CMOS 
process Nevertheless, slhcon LEDs emlttmg m the 
visible have already been demonstrated usmg this 
technique [28] Possibly their lummous conversion 
efficiencies are substantially higher than those us- 
mg the hot-charge-carrier-mduced hght emlsslon 
discussed above 

6. Applications 

In the preceding Sections it was demonstrated 
that standard mdustnal CMOS technology can be 
employed, m prmaple, for the integration of com- 
plete optical metrology systems This Sectlon 1s 
devoted to dlscussmg three apphcatlons lmked to 
the degree of freedom m the sensor’s geometrical 
design 

Why the geometry 1s of conslderable practical 
importance 1s illustrated m Fig 8 wth a one-dl- 
menslonal intensity dlstnbutlon of hght Z(x) (gen- 
erated, for example, by employmg a cyhndncal 
lens) lmpmgmg on a photosensltlve structure with 
spatially varymg width w(x) The generated pho- 
toresponse L, is 

L, = 
s 

b Z(x)+) dx (2) 
n 

From this It 1s concluded that any lmear (one-dl- 
menslonal, parametenzed) transform 

L, = 
s 

b Z( x)f(x) dx (3) 
a 
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Fig 8 Illustration of the concept of ‘optxally calculatmg’ one-dl- 
menslonal. parameterlzed hnear transforms of arbitrary hght dlstnbu- 
tlons I(x), by employmg a photodlode with an appropnate width 
profile w(u) 

can be calculated optlcally with Just two photosen- 
sltlve structures realizing the posltlve and negative 
parts off(x) with correspondmg widths w+(x) and 
w-(x), given by 

w+(x) = 
f(x) 

i 

lf f(x) > 0 

0 elsewhere 

w-(x) = -f(x) 1fS(x) < 0 o 
elsewhere 

(4a) 

(4b) 

so that subtraction of the two photoresponses 
yields the sought linear transform 

s 

h 

s 

b 

Lj = I(x)w +(x) dx - Z(x)w -(x) dx (5) 
II (1 

A simple apphcatlon of this general technique 1s 
the fast optical determination of the centrold 
This can either be achieved with a PSD as de- 
scribed m Section 3, or by a wedge-shaped photo- 
diode [4] with w(x) = ax This principle has been 
used for the reahzatlon of a tnangulatlon-based 
3D (depth) camera, capable of delivering 50 
depth maps per second m the form of an mten- 
slty-coded standard CCIR video signal [29] Its 
essenttal part 1s an array of wedge-shaped photo- 
diodes (Fig 9(a)) with which the centrold of a 
light profile 1s determined optically and com- 
pletely m parallel Two wedge-shaped photo- 
diodes are used per centrold measurement to 
obtain (1) the lateral posltlon of the mtenslty 
profile, and (11) the local light intensity at this 
posltlon Figure 9(b) documents that such an ar- 
ray of wedge-shaped photodlodes can be obtained 
not only by manufacturing it this way, but also 
by converting a commercially available array of 
long rectangular photodlodes to the desired struc- 
ture with a suitable opaque mask 

R Fa 
= smart sensor photodlode array 

(b) 

Fig 9 Array of wedge-shaped photosensors for the optlcal deternu- 
natlon of the centrold of a hgbt-mtenslty profile (a) Two wedge- 
shaped photosensors form a pair with which the lateral posltlon 
(centrold) and the local hght mtenslty of the profile can he mea- 
sured (b) Such a centrold array can also be produced with a 
commercially avaIlable array of rectangular photosensors and an 
opaque stnpe mask, glued at an angle on top of the sensor 

The wedge-shaped centrold detector described 
above allows the reahzatlon of a very simple mo- 
tion detector, based on detecting temporal vana- 
tlons of the centrold signal Figure 10 shows the 
block diagram of such a motion detector, usable m 
such diverse apphcatlons as automatic door open- 
ers, intrusion detection, presence momtormg for 
lllummatlon and air-condltlonmg control, mechan- 
ical activity control for machinery, detection of 
absence of motion (e g , ‘baby momtormg’) etc 
The simple scheme in Fig 10 does not employ 
normahzatlon for changing ambient lighting con- 
ditions, such changes are also interpreted as ‘mo- 
tion’, so that this sensor should be called more 
appropriately a ‘change detector’ Our practical 
expenence with such a motion or change detector 
(to be described m another pubhcatlon) indicates 
that the simple scheme and its lmplementatlon 



Fig 10 Schematic block diagram of a simple motmn or change 
detector It cons&s of a wedge photo&ode (beneath a cyhndrlcal 
lens) that determmes the optlcal centrold m one dlmenslon The 
centrold current slgnal IS first amphfied wth a transunpedance am- 
phfier, then dlfferenhated and finally the dlfferentlated slgnal 1s 
compared wth a poutwe and a negatwe threshold slgnalhng either 
no movement or a movement to the right or the left 

work well with sticlent ambient lighting, being 
much easier to realize than other motion detectors 
described m the literature [30] In low-light-level 
environments the gam of the translmpedance am- 
phfiers has to be so high that amplifier offset 
problems make it necessary to resort to a more 
complex system, less competltlve with other solu- 
tions [30] 

Another example of an ‘optically computed’ 
linear transform 1s seen m the lower left corner of 
Fig 5(a), where smusoldal photodlodes are used 
to determme the (complex) Fourier coefficients 
(amphtude and phase) of a one-dlmenslonal hght 
distribution at a fixed spatial frequency This 
1s accomplished by glvmg the photosensors the 
correct shape and the use of simple analog elec- 
tronics A data rate of several MHz can be at- 
tamed, hmlted by the response time of the 
photodlodes 

As a last apphcatlon, we mention a simple pas- 
sive focus sensor, consistmg of a circular arrange- 
ment of photodlodes, read out sequentially The 
sharper the local image content is, the larger 1s the 
high-frequency content of the resulting signal By 
(mechamcally) movmg the focus posltlon of the 
lens and letting the sensor continually measure 
frequency contents of the electrlcal signal, the 
point of best focus 1s determmed as the position 
with maximum high-frequency content The simple 
focus sensor we realized consists of only eight 
photodlodes, sufficient to obtam a rough measure 
for best focus posltlon Better focus sensors con- 
tam more photodiodes, but they employ essen- 
tially the same basic idea [31] 

7. Discussion 

We mvestlgated a standard industrial CMOS 
process for Its sultablhty to integrating optical 
metrology systems on a single chip We found that 
the electro-optical performance of the used CMOS 
process, available through an mexpenslve multi- 
project wafer service, was excellent In addltlon, 
we demonstrated the integration of IR and visible 
light sources (slhcon LEDs) with the same process, 
albeit with very low efficiency 

From the excellent results obtained m this mves- 
tlgatlon, we conclude that integrated optical 
metrology using fast and cheap CMOS processes 
1s a viable alternative to assembling such a system 
from commeraally avallable optical and electron- 
ics parts Multi-proJect Wafer Services offer fast 
turn-around times of a few weeks and surprlsmgly 
low prices for prototype chips With the avallabll- 
lty of inexpensive PC-based design, layout and 
slmulatlon software packages, producing smart 
optical sensors and ‘seeing chips’ for special apph- 
cations IS within the reach of everybody with a 
background m electronics 
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