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SOLID-STATE PHOTODETECTOR PIXEL
AND PHOTODETECTING METHOD

FIELD OF THE INVENTION

[0001] This invention relates to solid-state photodetecting,
especially charge-coupled-device (CCD) photodetecting. In
particular, it relates to a photodetector pixel and a photode-
tecting method according to the preambles of the independent
claims. Possible applications of the invention lie, for instance,
in range detection or in (bio-)chemical sensing.

BACKGROUND OF THE INVENTION

[0002] Solid-state one-dimensional and two-dimensional
photodetectors with picture elements (pixels) based on the
charge-coupled-device (CCD) principle are well-known; cf.
A. J. P. Theuwissen: “Solid State Imaging with Charge
Coupled Devices”, Kluwer Academic Publishers, Dordrecht,
1995. They find use not only in consumer goods such as
ordinary cameras, but also in combination with a dedicated
light source in special applications such as time-of-flight
(TOF) range cameras (cf. EP-1°152°261 A) orin (bio-)chemi-
cal sensing (cf. EP-1°085°315 A). For such special applica-
tions, the properties of standard CCD pixels may not be
sufficient. The pixels perform the tasks of the photo-genera-
tion of charges, the separation of said charges and the charge
accumulation of said separated charges either in at least one
storage site and at least one dump site or in at least two storage
sites. For the above-mentioned special applications it is also
advantageous to incorporate means of repeated charge accu-
mulation, such as described in U.S. Pat. No. 5,856,667.

[0003] An important property of such a CCD pixel is the
so-called shutter efficiency. The shutter efficiency is defined
as the number of photogenerated charge carriers transported
to the desired accumulation site divided by the total number
of photogenerated charge carriers. Using state-of-the-art
technology, this quantity is in the range between 80% and
95%, which is not sufficient for special applications such as
mentioned above, as will be described in the following.

SUMMARY OF THE INVENTION

[0004] Itis an object of the invention to provide a photode-
tector pixel and a photodetecting method which provide a
higher shutter efficiency and a higher sensitivity.

[0005] These and other objects are solved by the photode-
tector pixel and the photodetecting method as defined in the
independent claims. Advantageous embodiments are defined
in the dependent claims.

[0006] The pixel according to the invention is formed in a
semiconductor substrate with a plane surface for use in a
photodetector. It comprises an active region for converting 15'
incident electromagnetic radiation into charge carriers of a
first and a second charge type, charge-separation means for
generating a lateral electric potential across the active region,
and charge-storage means for storing charge carriers of at
least one type generated in the active region, said charge-
storage means being placed outside the active region. The
pixel further comprises separation-enhancing means for addi-
tionally enhancing charge separation in the active region and
charge transport from the active region to the charge-storage
means.

[0007] The solid-state image sensor according to the inven-
tion comprises a plurality of pixels according to the invention,
arranged in a one- or two-dimensional array.
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[0008] The solid-state image sensor according to the inven-
tion is preferably used in a range camera or in a chemical
and/or biochemical sensor.

[0009] The camera according to the invention comprises a
solid-state image sensor according to the invention.

[0010] The method according to the invention for detecting
incident electromagnetic radiation, comprises the steps of
converting the incident electromagnetic radiation into charge
carriers of a first and a second charge type in an active region
of a semiconductor material with a plane surface, generating
alateral electric potential across the active region, and storing
outside the active region charge carriers of at least one type
generated in the active region. Charge separation in the active
region and charge transport from the active region to the
charge-storage means is additionally enhanced.

[0011] The method according to the invention is preferably
used for range detection or for chemical and/or biochemical
sensing.

[0012] Themethodaccordingto the invention for determin-
ing a distance between a measurement system and a remote
object comprises the steps of illuminating the object by
modulated electromagnetic radiation emitted from the mea-
surement system, reflecting and/or scattering at least part of
the electromagnetic radiation from the object, detecting elec-
tromagnetic radiation reflected and/or scattered from the
object in the measurement system, the detection using the
detection method according to the invention, and determining
the distance from the detected electromagnetic radiation.
[0013] The method for sensing a chemical and/or bio-
chemical substance, comprises the steps of illuminating the
substance with electromagnetic radiation, causing the elec-
tromagnetic radiation to interact with the substance directly
or indirectly through a transducer, and detecting electromag-
netic radiation resulting from the interaction with the sub-
stance, the detection using the detection method according to
the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Embodiments of the invention are described in
greater detail hereinafter relative to the attached schematic
drawings.

[0015] FIGS. 1 and 2 show cross-sectional views of a CCD
part of a first and a second embodiment of a photodetector
pixel according to the invention, respectively.

[0016] FIG. 3 shows electric potential distributions versus
the vertical coordinate (a) for a pixel with a homogeneous
substrate, and (b) for a pixel with a buried channel.

[0017] FIGS. 4 and 5 show cross-sectional views of a CCD
part of a fourth and a fifth embodiment of a photodetector
pixel according to the invention, respectively.

[0018] FIG. 6 shows the principle of adaptive background
suppression (or minimal charge transfer).

[0019] FIG. 7 shows the lateral potential distribution for the
sense diffusion, the isolation gate and the integration gate of
a photodetector pixel.

[0020] FIG. 8 shows a flow diagram of a first embodiment
of the photodetecting method according to the invention.
[0021] FIG. 9 shows the method of FIG. 8 in an analogous
representation as FIG. 7, for different times.

[0022] FIGS. 10 and 11 show flow diagrams of a second
and a third embodiment of the photodetecting method accord-
ing to the invention.
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[0023] FIG. 12 shows a diagram for performing the first
embodiment of the photodetecting method according to the
invention.

[0024] FIGS. 13-16 show setups for four application
examples for the camera according to the invention.

[0025] FIG. 17 shows a light-wavelength modulation as
applied in the example of FIG. 16, versus time.

[0026] FIG.18shows adiagram ofthe intensity vs. the light
wavelength as measured in the setup of FIG. 16, for two
different samples.

[0027] FIG.19 shows a setup for a fifth application example
for the camera according to the invention.

[0028] FIG. 20 shows a diagram of the intensity vs. the
position as measured in the setup of FIG. 16, for two different
samples.

[0029] FIG. 21 shows a setup for a sixth application
example for the camera according to the invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

[0030] FIG. 1 shows a cross-sectional view of a CCD part
of'a first embodiment of a photodetector pixel 1 according to
the invention. The pixel 1 comprises the well-known struc-
tures such as a left photogate PGL, a middle photogate PGM
and aright photogate PGR. The region beneath the photogates
PGL, PGM and PGR can be called the “active region” of the
pixel, since this is the region in which incident radiation In is
converted into charge carriers. The pixel 1 further comprises
either at least one integration gate (IG) for storing charge
carriers generated in the active region and at least one dump
site (DDifl), or at least two integration gates, the integration
gates (IG) and the dump-site (DDiff) being placed outside the
active region. The embodiment of FIG. 1 comprises an inte-
gration gate IG, an isolation gate OUTG, a sense diffusion
SDiff and a dump diffusion DDiff. All these elements PGL,
PGM, PGR, 1G, OUTG, SDiff, DDiff are arranged above or
beneath a gate-oxide layer O on a substrate S made of, e.g.,
bulk silicon of the p doping type. A shield layer SL typically
made of metal protects all elements except the photogates
PGL, PGM, PGR from incident light In. The shield layer SL.
has an opening OP in the active region of the photogates PGL,,
PGM, PGR, so that the photogates PGL, PGM, PGR can be
exposed to the incident light In passing through the opening
OP.

[0031] A lateral potential distribution ®(x) on top of the
substrate S is also drawn in FIG. 1 as a function of a horizontal
coordinate x. By applying proper voltages to the photogates
PGL, PGM, PGR, the potential gradient in the substrate S can
beinfluenced. In the state shown in FIG. 1, the potential under
the integration gate IG is high and decreases towards the right
photogate PGR, so that charge carriers generated by the inci-
dent light In are transported to the integration gate IG, where
they are integrated over a certain exposure time. Although the
potential distribution ®(x) is often graphically represented as
a sequence of ideal, discrete steps and/or wells, this is not the
case in praxis. The real potential distribution ®(x) is rather
continuous, as sketched in FIG. 1. This continuous character
of the potential distribution ®(x) results in a potential mini-
mum min beneath the right photogate PGR. Thus, charge
carriers optically generated in the region on the right-hand
side of the minimum min are not transported to the integration
gate 1G but rather to the dump diffusion DDiff. Such an
undesired electron flow substantially decreases the shutter
efficiency of the pixel 1. An analogous undesired effect
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occurs in case that the potential ®(x) increases from the left
photogate PGL towards the right photogate PGR.

[0032] The invention avoids the above-described charge-
separation imperfection by a design of the shield layer SL that
takes into account the predicted real potential distribution
®d(x). In pixels known up to now, the opening in the shield
layer made possible an illumination of the entire photogate
area by the incident light, i.e., in the representation of FIG. 1,
the edges of the shield layer coincided with the outer edges of
the left and right photogates, respectively. According to the
invention, however, the left and right photogates PGL, PGR
are partially covered by the shield layer SL, and the edges of
the shield layer SL are located on a position where the mini-
mum min of the potential distribution ®(x) is expected to be.
This position depends on the geometry and the materials of
the pixel 1 and on the voltages applied. It may be determined
based on calculation. Simulation tools, typically computer
software, for calculating such potential distributions ®(x) are
available.

[0033] Ithas been found that a shielding layer SL. as shown
in FIG. 1 shields well in case of normal incidence (=0) of
light on the pixel, but not in other cases, and especially not for
large incidence angles a of, e.g., 15° and more. This is due to
the three-dimensional geometric arrangement of the gates
and the shielding layer SL. The latter is placed about 4 um
(depending on the used process) above the surface of the
substrate S, so that light In impinging at an angle a0 reaches,
e.g., part of the integration gate IG. This is avoided in a second
embodiment of a pixel according to the invention, shown in
FIG. 2. This embodiment uses, besides a topmost shielding
layer SL1, other metal layers SI.2, SI.3, which lie closer to the
substrate S as further shielding layers. Such metal layers SI.2,
SL3, ... are provided, e.g., in a standard complementary-
metal-oxide-semiconductor (CMOS) process for intercon-
necting lines. The lowermost metal layer SL.3, which lies
typically about 1 um above the surface of the substrate S,
defines most precisely the position on which light In will
impinge, with a low degree of dependence on the angle of
incidence o.

[0034] Part of the light In could be coupled between the
metal layers SL.1, SL.2, SL3, . . . and guided to very distant
points like in a waveguide. To avoid this, vertical opaque
barriers B are provided. These barriers B can be designed and
realized as the vias known from the standard CMOS process,
i.e., as tungsten connections through the insulating interlay-
ers between the horizontal metal layers SL1, SL.2, SL3, .. ..
[0035] FIG. 3 shows transverse potential distributions ®(z)
in the pixel substrate S versus the vertical coordinate z for two
different substrates S. In case of a homogeneous semiconduc-
tor substrate S and a positive voltage applied at the gate, the
potential distribution ®(z) has a maximum value at the sur-
face of the substrate S and monotonically decreases with the
depth z in the substrate S, as shown in FIG. 3(a). According to
another embodiment of the invention, a transverse inhomo-
geneity BC is provided in the substrate S. Such an inhomo-
geneity can be realized, e.g., as a buried channel BC of an n
doped material in the p bulk substrate S, with a thickness of
0.3 um to 3 um, and preferably about 1 um. As schematically
shown in FIG. 3(b), the potential distribution ®(z) now has a
maximum value inside the buried channel BC, which maxi-
mum value is even higher than that of FIG. 3(a). Thus, the
inhomogeneity BC helps to create a high potential inside the
substrate S and thus enhances and makes faster the charge
separation. It also reduces noise, since flicker noise is much
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higher for charges moving along the substrate surface due to
numerous trapping centres at the silicon/silicon-dioxide
interface. This is avoided in the embodiment of FIG. 3(b).

[0036] In both cases shown in FIGS. 3(a) and (b), respec-
tively, it is noted that the electric potential @ reaches about
7=~10 pm into the silicon substrate S. Charge carriers gener-
ated in this area 0=z=10 um are transported towards the
potential maximum due to a vertical drift field (i.e., they are
collected). However, the absorption length of red and infra-
red light in silicon is up to 30 um. Consequently, there are also
charge carriers photogenerated in the deep substrate region
7z>10 um without such a vertical drift field. These charge
carriers are undesired, because they have first to diffuse to the
potential well in order to be collected. Given that the diffusion
of these charges happens in the neutral bulk, no predefined
direction for this diffusion exists. Therefore, the resulting net
movement cannot be predicted. It is well possible that an
electron is created below one pixel, diffuses in the bulk over
anet distance of several pixel pitches and is then collected by
a different pixel than the one below which it was created. An
embodiment of the pixel 1 according to the invention in which
this problem is eliminated is shown in FIG. 4. The bulk
substrate S is made of a material that impedes charge-carrier
transport and/or supports charge-carrier recombination, e.g.,
a bad-quality and/or a highly doped silicon substrate of the p
doping type. Charge carriers photogenerated in the bulk of
such a substrate S are trapped by material defects and/or
recombine before reaching the drift field region. In order to
make possible photodetection at all, a detection layer DL of
good quality and low doping is arranged on the surface of the
substrate S. The detection layer DL can be, e.g., an epitaxial
silicon layer with a thickness of 2 um to 20 um, and preferably
of 5 um to 10 pm.

[0037] Another embodiment of the pixel 1 according to the
invention which deals with the problem set forth with refer-
ence to FIG. 4 is shown in FIG. 5. In contrast to the embodi-
ment of FIG. 4, light In is prevented from penetrating into
deeper regions of the substrate S, or even reflected back from
deeper regions of the substrate S into a region DL beneath the
substrate surface, where it can be used for the photodetection
process. For this purpose, an opaque and/or reflecting layer R
is provided in the substrate S between said detection layer DL
(epitaxial layer) and the highly doped bulk S. The opaque
and/or reflecting layer R can be a metal layer, e.g., an alumi-
num layer and/or a silicon dioxide layer. In the first case (with
a metal layer), the metal layer has to be electrically isolated
from the detection layer DL. The preferred configuration in
this case is a silicon absorption layer on top, a silicon dioxide
layer for the isolation and the metal layer for the reflection. In
the second case (without a metal layer), the substrate S is
preferably a silicon-on-insulator (SOI) substrate, i.e., a sili-
con substrate with an oxide layer buried in it.

[0038] One preferred application of the pixel 1 according to
the invention is in a solid-state time-of-flight (TOF) range
camera. The inventive methods described in the following are
suitable for use in such a camera.

[0039] A first embodiment of a photodetecting method
according to the invention relates to a TOF range camera, the
pixels of which have at least one active region and at least two
(e.g., four) charge storages for on-pixel driving voltage con-
trol or at least one charge storage for off-pixel driving voltage
control, which are used to store the different charge types. The
demodulation of a modulated light signal can be obtained,
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e.g., by storing the different charge types deriving from dif-
ferent phases (e.g., 0°, 90°, 180° and 270°).

[0040] In a CCD pixel, the photogenerated charge is con-
verted to an output voltage by the storage capacitance. It has
been found that the storage capacitance of the integration gate
IG is by factors higher than the capacitance of the sense
diffusion SDiff. Therefore, the limiting storage capacitance is
given by the sense diffusion SDiff and not by the integration
gate 1G. However, the readout capacitance cannot be
designed arbitrarily high because of noise restrictions and the
resolution of the analog-to-digital conversion. The main
restriction of dynamic range is given by background illumi-
nation. The background usually generates for all light-sensi-
tive areas an equal amount of charge carriers that are not
needed for the distance calculation. The inventive concept
consists in taking into account only those charge carriers
which contribute to the difference. In other words: a constant
offset is subtracted from all signals. This is schematically
illustrated in FIG. 6. With thus reduced signals, a smaller
readout capacitance can be used and, even so, acceptable
output voltage signals are obtained.

[0041] FIG. 7 schematically shows the lateral potential dis-
tribution ®(x) for the sense diffusion SDiff, the barrier-last
CCD gate (the isolation gate OUTG) and the second last CCD
gate (the integration gate IG, charge storage) of a photode-
tector pixel 1 as shown in FIG. 1. The above-mentioned offset
subtraction is performed by transferring not all the charge
carriers from the integration gate IG to the sense diffusion
SDiff, but only those charge carriers which are necessary to
perform correct distance calculations. After having collected
all charge carriers on the integration gate IG, its control volt-
age is decreased to such a level for which every sense node
Sdiff receives charge carriers. The isolation gate OUTG then
pinches off the remaining charge carriers which are of the
same amount for all photosensitive areas. Thus, the differen-
tial functionality is ensured.

[0042] The appropriate driving voltage for the integration
gates 1G can be adjusted on-pixel by a closed loop from the
sense nodes to the driving voltage, as shown in the flow chart
of FIG. 8. By implementing appropriate integrated circuits,
the loop can be performed pixelwise. Alternatively, the poten-
tial of the integration gate IG can be stepwise decreased and
the pixel can be read out off-pixel until all samplings obtain a
signal. This requires a non-destructive readout or a summing
function off-pixel.

[0043] FIG. 9 illustrates the adaptive background subtrac-
tion for a pixel 1 with four photosensitive areas corresponding
to the phases 0°, 90°, 180°, 270° (cf. FIG. 6), for six different,
subsequent times t0-t5. It illustrates the on- as well as off-
pixel background pinch off. Thus, the dynamic range is
increased, and high accuracies are possible due to longer
possible integration times.

[0044] A second embodiment of a photodetecting method
according to the invention also relates to a TOF range camera
with at least one photosensitive area and a plurality of charge
storage areas. This embodiment takes into account the possi-
bility of providing a feedback loop from the sense node to the
integration gate, and is based on the recognition that for a
range measurement, an absolute intensity value (and thus an
absolute integration time) is not important, since only a phase
information is extracted from the plurality of storage areas of
apixel. Therefore, different pixels can have different integra-
tion times, as long as the integration time is the same for all
charge storage areas within each pixel. The integration time
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for an individual pixel is preferably chosen such that it yields
a high signal just below the saturation level. Thus, the
dynamic range is increased. A flow diagram of the method is
shown in FIG. 10.

[0045] In the known TOF pixels, a barrier (the isolation
gate OUTG) prevents the charge carriers from drifting from
the integration gate IG to the sense node SDiff. During inte-
gration, all charge carriers are kept back in the integration
well and only after exposure they are transferred to the output
node SDiff in the so-called shift process. Due to this behav-
iour, a continuing monitoring of the sense nodes SDiff is not
possible. By contrast, in the method according to the inven-
tion, the shift process is performed during integration in short
shift intervals until a given threshold close to saturation is
reached. A simplified flow diagram of this embodiment is
shown in FIG. 11. In this example, a longer integration inter-
val of] e.g., 5 to 200 ps, is followed by a shorter shift interval
of, e.g., 1 us. This loop is repeated as long as the output of each
photosensitive area is smaller than a certain threshold. When
the output reaches the threshold, the shift process will not be
performed any longer, so that saturation at the sense node
SDiff is avoided.

[0046] FIG.12 shows a simple circuit diagram for perform-
ing the photodetection method according to the invention.
The output signals from the sense nodes or sense diffusions
Sdift are fed into a comparator COMP, where they are com-
pared with a decreasing control voltage int_ref for the inte-
gration gate IG. The output of the comparator COMP is used
as the decreasing potential applied to all integration gates IG.
A saturation flag is set when the potential of the integration
gates 1G falls below a certain value predetermined by a ref-
erence signal sat_ref.

[0047] In addition to the information obtained from the
sampling signals, i.e., the amounts of charges from the sense
diffusions SDift (cf. FIG. 7), the potential of the integration
gate IG can be read out as a further quantity to be measured.
This quantity corresponds to the DC offset value common to
the charges accumulated in all integration gates 1G of a pixel.
From this quantity, further information can be extracted, e.g.,
the level of the background illumination and/or whether an
overflow of at least one integration gate IG occurred during
the charge-storage process.

[0048] A third embodiment of a photodetecting method
according to the invention also relates to a TOF range camera
comprising a plurality of photosensitive areas. This method
allows to control whether a pixel 1 is intact and works cor-
rectly. The idea is to create redundancy by performing at least
two measurements of the same scene, however, with different
phases of the emitted CW-modulated light. A phase shift of 8
(in degrees) introduces an artificial distance shift of

wherein c~3-10% m/s is the light velocity in air and f is the
modulation frequency. In an example where =20 MHz and
0=180°, an artificial distance shift of AL=3.75 m should be
obtained. Ifthis is not the case for a certain pixel, said pixel is
faulty.

[0049] Another preferred field of application of the pixel
according to the invention is (bio-)chemical sensing. Some
examples for such applications are given in the following.
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[0050] A first application concerns (bio-)chemical sensors
using luminescent labels. Two general measurement methods
aiming at reaching high sensitivity apply, namely time-do-
main and frequency-domain measurements, such as
described in “Elimination of Fluorescence and Scattering
Backgrounds in Luminescence Lifetime Measurements
Using Gated-Phase Fluorometry” by H. M. Rowe et al., Ana-
Iytical Chemistry, 2002, 74(18), 4821-4827, and in “Prin-
ciples of Fluorescence Spectroscopy”, by Lakowicz J., Klu-
wer Academic and Plenum Publishers, New York, pages 1-24
(1999), respectively. In frequency-domain measurements, the
luminescent sample is excited with periodically modulated
light, and the detection of luminescent emission occurs at the
same frequency. This measurement method is often referred
to as “lock-in technique”. The second measurement method
uses repeated excitation using short pulses, with subsequent
detection of the luminescent emission inside a different time
window. This method is often referred to as “time-gated
detection”. Both measurement methods may be used for the
determination of luminescent intensity and/or lifetime. All
measurement methods cited above and combinations thereof
will profit from the present invention through the properties
of parallel detection combined with on-chip implementation
of'signal treatment, the latter leading to a lower detection limit
in comparison to conventional imaging systems.

[0051] A first example for practical implementation is
luminescence imaging, e.g., fluorescence microscopy, using
the general measurement methods described above. A fluo-
rescence-microscopy setup with a sample 9, a modulated
light source 2, a microscope 3, a wavelength filter 4 and a
camera 10 according to the invention is schematically shown
in FIG. 13. The camera 10 comprises an image sensor com-
prising an array of pixels 1 according to the invention. The
light source 2 is triggered by the camera 10. The advantages
over other detection methods are that imaging of the sample 9
and parallel detection of the luminescence signals are pos-
sible with a low detection limit. Compared to other imaging
methods, the inventive method described above yields a
higher sensitivity and a lower detection limit.

[0052] Another application example of the camera 10
according to the invention in the field of biochemical sensing
is the readout of a sensor microarray 90. The microarray 90
may be arranged on a planar waveguide 5, as shown in FIG.
14. A light source 2, e.g., a laser, emits light onto an input
grating 51 on the waveguide 5. The light is coupled into the
waveguide 5 and guided to the microarray 90, where its
evanescent portion excites luminescence. The microarray 90
is imaged onto the camera 10 by an optical imaging system 6.
Thus, a part of the luminescent light is received by the camera
10. The general luminescent measurement methods
described above may be used by modulating the light source
2 and triggering it by the camera 10. Another part of the
luminescent light is coupled into the waveguide 5 and propa-
gates towards an output grating 52 where it is coupled out.
This part can also be detected, as is known from the prior art.
The measurements by the camera 10 according to the inven-
tion and by the conventional outcoupling approach may be
combined in order to efficiently suppress the excitation light.
Shielding means 7 are preferably provided for shielding the
camera 10 from undesired scattered light. The advantage of
this setup over existing, highly sensitive schemes is that par-
allel detection of part of or the whole microarray 90 is pos-
sible due to the camera 10 according to the invention.
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[0053] Instill another example shown in FIG. 15, samples
to be sensed are deposited on sensing pads or measurement
units arranged on a planar waveguide 5. Each sensing pad
comprises a diffraction grating 53-56. Light from a light
source 2 is coupled into the waveguide 2 in the region of a
sensing pad by the corresponding diffraction grating 53,
excites luminescence in the sample, and the luminescent and
the excitation light are coupled out by the same diffraction
grating 53. A wavelength filter 4 is preferably arranged in the
path of the outcoupled light in order to suppress the excitation
light. However, since such a suppression will never be perfect,
use of the camera 10 according to the invention is of great
advantage. Instead of using a single grating, each measure-
ment unit may comprise a pair of input and output coupling
gratings.

[0054] While the previous four examples concerned lumi-
nescence sensing methods, the following examples concern
label-free sensing methods.

[0055] The setup of a fifth application example of the cam-
era 10 according to the invention in the field of biochemical
sensing is shown in FIG. 16. A planar waveguide is provided
with pairs of diffraction gratings 57, 58. A first grating 57 of
each pair is used as the input grating and is comprised in a
sensing pad for a sample to be sensed, whereas a second
grating 58 of each pair is used as the output grating. Modu-
lated light emitted by a light source 2 is incoupled into the
waveguide 5 under a certain angle 0,,,.. As indicated in FIG.
17, the wavelength A of the emitted light is modulated, e.g.,
periodically sweeped over a certain range. This is possible,
e.g., with a vertical-cavity surface-emitting laser (VCSEL) as
a light source 2. The modulation is triggered by the camera
10. A resonance, i.e., an intensity peak is detected at a certain
wavelength A, that fulfils the well-known incoupling condi-
tion for input gratings on planar waveguides, as shown in F1G.
18. When a change in the optical properties of the sample
occurs, e.g., when additional molecules are deposited, the
intensity peak is shifted from the first wavelength A, to a
second, different wavelength A,. Thus, information about the
optical properties of the sample is obtained. This method
allows imaging of the output grating 58 and is cost-effective
compared to other wavelength-interrogated optical-sensing
(WIOS) methods. It can be combined with a luminescence-
sensing method.

[0056] Using the lock-in properties of the camera 10
according to the invention, the detection occurs at the same
frequency as the wavelength sweep of the light source 2. The
wavelength peak position translates therefore into an equiva-
lent phase, which is calculated by the camera 10 based on the
individual samples acquired inside the acquisition period. It
can be calculated for instance using the known formalism for
sinusoidal signal modulation, as it is also used for distance
measurements (see, for instance, the article “Solid-State
Time-Of-Flight Range Camera” by R. Lange et al., published
in IEEE Journal of Quantum Electronics, No. 37, 2001, pp
390ss).

[0057] A still further application example of the camera 10
according to the invention in the field of biochemical sensing
is discussed with reference to FIG. 19. The setup is similar to
that of FIG. 16, with the differences mentioned in the follow-
ing. The light emitted by the light source 2 is distributed over
a certain range of angles of incidence 6,,,, e.g., by a collimat-
ing lens 21, such that light is always coupled into the
waveguide 5. The sensing pad is on the output grating 58, not
on the input grating 57. Since the outcoupling angle 6,

Jan. 15, 2009

depends on the wavelength A, the outcoupled light beam
periodically sweeps over the camera 10. Hence, at a given
position a,; on the camera 10, i.e., for a given pixel, the maxi-
mum intensity I occurs at a given time, characterized by an
equivalent phase when using the lock-in properties of the
camera 10 as described above; cf. FIG. 20. This results in a
characteristic phase distribution on the camera 10. A change
in the optical properties of the sample results in a shift of the
intensity maximum from position a, to another position a,,
and eventually in a shift of the phase distribution. Thus,
information about the optical properties of the sample is
obtained. Compared to the WIOS method discussed above,
this method offers an increased measurement range.

[0058] In the above-mentioned drawings and descriptions,
only one sensing pad is considered for the sake of clarity.
However, in preferred embodiments, multiple (even many or
all pads of one or several chips) can be illuminated at the same
time (by the same source 2), and different pixels or regions on
the camera 10 are used to derive the plurality of output signals
from the plurality of sensor pads quasi-simultaneously. FIG.
21 shows an embodiment of the apparatus according to the
invention in which all sensing pads or gratings of the
waveguide 5 are illuminated by the light source 2, e.g., by
means of an optical system 23, 24 for widening the light beam
and offering a limited range of incident angles to the gratings.
All sensing pads or gratings or the waveguide 5 are imaged,
e.g., by means of imaging optics 25, onto a photodetector chip
10 with an integrated array of lock-in pixels forming a lock-in
camera. The camera is connected to the light source 2 as
described above. The relevant phase information is extracted
at the pixel level of the camera. Thus, parallel processing and
readout of the whole sensor chip 5 is possible.

[0059] This invention is not limited to the preferred
embodiments described above, to which variations and
improvements may be made, without departing from the
scope of protection of the present patent. In particular, various
embodiments of the invention may be combined with each
other. Such a combination may yield an even better improve-
ment than a single embodiment of the invention as described
above.

LIST OF REFERENCE SIGNS
[0060] 1 Pixel
[0061] 10 Camera
[0062] 2 Light source
[0063] 21 Collimating lens
[0064] 23, 24 Optical system
[0065] 25 Imaging optics
[0066] 3 Microscope
[0067] 4 wavelength filter
[0068] 5 Planar waveguide
[0069] 51 Input grating
[0070] 52 Output grating
[0071] 53-56 Diffraction gratings
[0072] 57 Input grating
[0073] 58 Output grating
[0074] 6 Imaging system
[0075] 7 Shielding means
[0076] 9 Sample
[0077] 91 Sensor microarray
[0078] a Position on camera
[0079] B Vertical opaque barrier
[0080] BC Transverse inhomogeneity, buried channel
[0081] COMP Comparator
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[0082] DDiff Dump diftusion

[0083] DL Detection layer

[0084] I Intensity of light

[0085] IG Integration gate

[0086] In Incident electromagnetic radiation
[0087] int_ref Control voltage for integration gate
[0088] min Potential minimum

[0089] O Oxide layer

[0090] OP Opening in shielding layer
[0091] OUTG Isolation gate

[0092] PGL Left photogate

[0093] PGM Middle photogate

[0094] PGR Right photogate

[0095] R Opaque and/or reflecting layer
[0096] S Substrate

[0097] sat_ref Reference signal for saturation
[0098] SDiff Sense diffusion

[0099] SL Shielding layer

[0100] tTime

[0101] x Horizontal (lateral) coordinate
[0102] =z Vertical (transverse) coordinate
[0103] o Angle of incidence of radiation
[0104] 6O Incoupling or outcoupling angle
[0105] A Wavelength of light

[0106] & Potential distribution

1. A pixel formed in a semiconductor substrate with a plane
surface for use in a photodetector, comprising:

an active region for converting incident electromagnetic

radiation into charge carriers of a first and a second
charge type,

charge-separation means for generating a lateral electric

potential (D(x)) across the active region, and
charge-storage means for storing charge carriers of at least

one said type generated in the active region, said charge-

storage means being placed outside the active region,
characterized by

separation-enhancing means for additionally enhancing

charge separation in the active region and charge trans-
port from the active region to the charge-storage means.

2. The pixel according to claim 1, wherein the separation-
enhancing means comprises horizontal shielding means in
the active region, said horizontal shielding means being
designed such that for a given lateral electric potential (P(x))
having an apse (min) in the active region, which apse (min)
divides the active region into a first and a second section, the
first section is accessible for the incident radiation and the
second section is shielded from the incident radiation.

3. The pixel according to claim 2, wherein the horizontal
shielding means comprise a metal layer projecting over part
of the active region.

4. The pixel according to claim 1, wherein the separation-
enhancing means comprise vertical shielding means arranged
above the charge-storage means for shielding the charge-
storage means from incident radiation with non-normal inci-
dence.

5. The pixel according to claim 4, wherein the vertical
shielding means comprise at least two metal layers with an
insulating interlayer between them, the metal layers being
arranged in different distances from the substrate surface, and
preferably one above the other.

6. The pixel according to claim 5, wherein edges of the
metal layers lie vertically above each other or are terraced.

Jan. 15, 2009

7. The pixel according to claim 5, wherein vertical opaque
barriers, preferably made of metal, are provided between the
metal layers.

8. The pixel according to claim 1, wherein the separation-
enhancing means comprise a transverse inhomogeneity pro-
vided in the semiconductor substrate, which inhomogeneity
helps to create a high electric potential inside the substrate.

9. The pixel according to claim 8, wherein the transverse
inhomogeneity is a buried channel, e.g., a buried channel of
an n+ doped material in a p bulk substrate.

10. The pixel according to claim 1, wherein the separation-
enhancing means comprise a combination of a bulk substrate
made of a material that impedes charge-carrier transport and/
or supports charge-carrier recombination, and

a detection layer made of a material that supports charge-

carrier transport and/or impedes charge-carrier recom-
bination, arranged on the surface of the substrate.

11. The pixel according to claim 10, wherein the detection
layer is an epitaxial silicon layer with a thickness of 2 um to
20 um, and preferably of 5 pm to 10 pm.

12. The pixel according to claim 1, wherein the separation-
enhancing means comprise an opaque and/or reflecting layer,
e.g., a metal layer, provided in the substrate.

13. The pixel according to claim 12, wherein the substrate
is a silicon-on-insulator substrate and the opaque and/or
reflecting layer is arranged beneath the insulator layer.

14. The pixel according to claim 1, further comprising
subtraction means for subtracting an offset that is constant for
all charge-storage means from the number of charge carriers
stored in each charge-storage means.

15. The pixel according to claim 14, wherein the subtrac-
tion means comprise means for applying a variable electric
potential to all integration gates, and means for detecting
whether each integration gate yields charge carriers.

16. The pixel according to claim 14, wherein the subtrac-
tion means comprise means for applying a variable electric
potential to all integration gates, and means for detecting
whether an output of at least one integration gate is just below
saturation.

17. The pixel according to claim 1, achieving a shutter
efficiency of more than 98%.

18. A solid-state image sensor comprising a plurality of
pixels (1) arranged in a one- or two-dimensional array,

characterized in that

the pixels are pixels according to claim 1.

19. The image sensor according to claim 18, wherein the
image sensor is of the charge-coupled-device type, and is
preferably manufactured by a complementary-metal-oxide-
semiconductor process.

20. Use of the image sensor according to claim 18 in a
range camera or in a chemical and/or biochemical sensor.

21. A camera comprising a solid-state image sensor,

characterized in that

the image sensor is an image sensor according to claim 18.

22. An apparatus for sensing a chemical and/or biochemi-
cal substance, comprising:

a radiation source arranged for illuminating the substance

with electromagnetic radiation, and

a solid-state image sensor arranged for detecting electro-

magnetic radiation that interacted with the substance,
characterized in that

the image sensor is an image sensor according to claim 18.

23. The apparatus according to claim 22, wherein the sub-
stance is deposited on a sensing pad arranged on a surface of
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a planar waveguide, the sensing pad preferably forming part
of a microarray of sensing pads.

24. The apparatus according to claim 23, wherein the sens-
ing pad comprises a diffraction grating structure, and prefer-
ably a linear grating.

25. The apparatus according to claim 23, wherein the
image sensor is part of a lock-in camera, and the apparatus
further comprises modulation means for periodically modu-
lating the wavelength (A) of the electromagnetic radiation
emitted by the radiation source, said modulation means being
triggered by the lock-in camera.

26. A method for detecting incident electromagnetic radia-
tion, comprising the steps of:

converting the incident electromagnetic radiation into
charge carriers of a first and a second charge type in an
active region of a semiconductor material with a plane
surface,

generating a lateral electric potential (®P(x)) across the
active region, and

storing outside the active region charge carriers of at least
one type generated in the active region,

characterized in that

charge separation in the active region and charge transport
from the active region to the charge-storage means is
additionally enhanced.

27. The method according to claim 26, wherein, prior to the

conversion step,

a lateral electric potential (®(x)) having an apse (min) in
the active region is calculated for the active region,
which apse (min) divides the active region into a firstand
a second section, and

the first section is made accessible for the incident radia-
tion and the second section is shielded from the incident
radiation.

28. The method according to claim 27, wherein the second
section is shielded by providing a horizontal metal layer
projecting over part of the active region.

29. The method according to claim 26, wherein

the charge carriers are stored in a plurality of separate
charge-storage means,

an offset that is constant for all charge-storage means is
subtracted from the number of charge carriers stored in
each charge-storage means, and

only the remaining differences of charge carriers are read
out from each storage means.

30. The method according to claim 29, wherein

the charge-storage means are integration gates controlled
by voltages applied to the integration gates, all integra-
tion gates are read out by changing the applied voltages
in the same manner for all integration gates,

the readout process is continued as long as at least one of
the plurality of integration gates does not yield any
charge carriers, and

the readout process is stopped when each integration gate
yields charge carriers.

31. The method according to claim 29, wherein

the charge-storage means are integration gates controlled
by voltages applied to the integration gates, all of the
plurality of integration gates are read out by changing
the applied voltages in the same manner for all of the
plurality of integration gates,

the readout process is continued as long as any of the
plurality of integration gates does not yield an output
close to saturation, and
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the readout process is stopped when one of the outputs gets

just below saturation.

32. The method according to claim 26, wherein

the incident electromagnetic radiation (In) is converted

into charge carriers in a plurality of active regions,
the charge carriers are stored in a plurality of charge-stor-
age means assigned to corresponding active regions, and

storage-time intervals, during which the storage steps are
performed before the charge-storage means are read out,
are chosen to be different for different charge-storage
means.

33. The method according to claim 32, wherein the storage-
time interval for an individual charge-storage means is cho-
sen to be just below the saturation level of the charge-storage
means.

34. The method according to claim 32, wherein for each
charge-storage means, the conversion step and the storage
step are repeated one after the other until a given threshold for
the number of charge carriers is reached in the charge-storage
means.

35. Use of the method according to claim 26, for range
detection or for chemical and/or biochemical sensing.

36. A method for determining a distance between a mea-
surement system and a remote object, comprising the steps of:

illuminating the object by modulated electromagnetic

radiation emitted from the measurement system,
reflecting and/or scattering at least part of the electromag-
netic radiation from the object,

detecting electromagnetic radiation reflected and/or scat-

tered from the object in the measurement system, and
determining the distance from the detected electromag-
netic radiation,

characterized in that

the detection is performed using the method according to

claim 26.

37. A method for sensing a chemical and/or biochemical
substance, comprising the steps of:

illuminating the substance with electromagnetic radiation,

causing the electromagnetic radiation to interact with the

substance or indirectly through a transducer, and
detecting electromagnetic radiation that interacted with the
substance,

characterized in that

the detection is performed using the method according to

claim 26.

38. The method according to claim 37, wherein the sub-
stance is deposited on a sensing pad arranged on a surface of
a planar waveguide, the sensing pad preferably forming part
of'a microarray of sensing pads.

39. The method according to claim 37, wherein the inter-
action comprises luminescence, and luminescent radiation
emitted by the substance is detected.

40. The method according to claim 38, wherein the sensing
pad is illuminated by a resonant electromagnetic field excited
in the waveguide, and luminescent radiation that does not
excite a resonant electromagnetic field in the waveguide is
detected.

41. The method according to claim 38, wherein the sensing
pad is illuminated by a first resonant electromagnetic field
excited in the waveguide, and electromagnetic radiation that
excites a second resonant electromagnetic field in the
waveguide is detected.

42. The method according to claim 41, wherein the sensing
pad comprises a diffraction grating structure, and preferably
a linear grating.
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43. The method according to claim 42, wherein electro-
magnetic radiation is coupled into the waveguide and coupled
out of the waveguide by the same grating structure comprised
in the sensing pad.

44. The method according to claim 42, wherein electro-
magnetic radiation is coupled into the waveguide by a first
grating structure and coupled out of the waveguide by a
second grating structure that is not identical with the first
grating structure, and the sensing pad comprises the first or
the second grating structure.

45. The method according to claim 44, wherein

the sensing pad comprises the first grating structure, a
beam of electromagnetic radiation is coupled into the
waveguide under a constant, well-defined incoupling
angle (0,,),
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the wavelength ()) of the beam is periodically modulated,
the modulation being triggered by a camera performing
the detection, and

an intensity of outcoupled electromagnetic radiation is
detected by the camera.

46. The method according to claim 44, wherein

the sensing pad comprises the second grating structure,
electromagnetic radiation is coupled into the waveguide
under a limited range of incoupling angles,

the wavelength ()) of the beam is periodically modulated,
the modulation being triggered by a camera performing
the detection, and

a position-dependent phase of an outcoupled beam of elec-
tromagnetic radiation is detected by the camera.
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