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Abstract: In this paper we present a novel, quadruple well process developed in a modern
0.18um CMOS technology called INMAPS. On top of the standard process, we have added
a deep P implant that can be used to form a deep P-well and provide screening of N-wells
from the P-doped epitaxial layer. This prevents the collection of radiation-induced charge by
unrelated N-wells, typically ones where PMOS transistors are integrated. The design of a
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sensor specifically tailored to a particle physgperiment is presented, where eachus0
pixel has over 150 PMOS and NMOS transistors. Tdéresar has been fabricated in the
INMAPS process and first experimental evidencehaf ¢ffectiveness of this process on
charge collection is presented, showing a sigmfic@provement in efficiency.

Keywords. CMOS, image sensor, fill factor

1. Introduction

Today, sales of CMOS sensors have overtaken thb$eC®s (see for example [1]) and their
market share is continuously growing. Industry besn improving the image quality of the sensor and
nowadays some professional, full frame digital caaméost CMOS image sensors (see for example [2,
3]). Image quality depends on several parametertsby far the main selling point of a camera is the
pixel count. For a given sensor format, e.g. AP8F@5 mm, the megapixel race brings a continuous
reduction in pixel size and this has led industrgévelop very small pixels. Pixels smaller thamun2
are already in production (see for example [4]) pixéls as small as 1{#m have been presented [5, 6,
7]. In order to maintain a reasonable fill facttdne number of transistors needs to be kept to a
minimum and shared architectures are often useud aviteffective number of transistors per pixel as
low as 1.5 [5, 7]. As pixel size reduces the nundigrhotons arriving at the pixel reduces acconging
and so electronic noise and leakage current had@¢dhbe greatly improved, in particular through the
introduction of pinned photodiode and transfer gat#lowing true correlated double sampling to be
performed in the pixel [8]. Noise reduction haaieen achieved with the use of novel reset schemes
[9, 10, 11].

Although the general improvement of the imagingqrenance of CMOS sensors is welcome for all
applications, each field has its own special rezuents. A large spectrum of scientific applicatjons
including particle and nuclear physics[12, 13, 18], X-ray medical imaging [16, 17], electron
microscopy [18], EUV detection for sun observatjbf] do not require pixel size below on and in
some cases pixels as large as i are appropriate. Data rates can be extremely thigh posing
severe constraints on data transfer and processtrigh are often preferably implemented as early as
possible in the data path, even at the pixel Iélieis means complicated electronics often neeckto b
integrated in the pixel, thus pushing the transistunt up, and requiring the use of both NMOS and
PMOS transistors.

This latter point is a very important one and is fibcus of this paper. We propose a different, hove
way of enabling the use of PMOS transistors ingixel without loss of signal. The way we achieve
this on a standard CMOS wafer is described in @e@i In section 3, we present details of the first
circuit we designed and fabricated in this procass in section 4 we present the first experimental
results demonstrating the effectiveness of our @ggr. Section 5 concludes the paper by briefly
discussing the outlook for future developments.
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2. INMAPS: a quadruplewell technology
2.1. Sandard CMOS

The use of CMOS technology allows the integratidrald sorts of electronics structures in the
sensor: control logic, column amplifiers, analogoligital converters, image processing blocks,, etc
but they are normally all confined to be outside thcal plane. The main reason for this is illustia
in

Figure 1, which shows a schematic view of the cross-seatioa typical CMOS wafer used in a
standard imaging process.

Figure 1. Schematic cross-section of a typical CMOS wafert ddawn to scale.
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At the bottom is a very low resistivity substraiggically in the range of a few tens ofhrtm, over
which a P-doped epitaxial layer is grown. This tayehose thickness is typically up to Réh with a
resistivity of the order of 1@ cm, represents the sensing volume. The electramibsilt in the last
micron or so of this layer, with NMOS (PMOS) trasters occupying heavily doped P-wells (N-wells).
As a detecting element, the most commonly usedtsirel is the one formed by an N-doped well
created in the epitaxial layer, for example the &lhdiode as shown in the figure.

This structure, originally proposed for visibleHigapplications [20] and for the detection of clearg
particles [21], is well known to give a high fitkétor. This can be easily understood by consideliag
movement of radiation-generated minority carrieighiw the epitaxial layer. For the voltages and
resistivities commonly used in CMOS, this layemiainly field-free, apart from a small region around
any PN junctions. Minority carriers move insidestkiblume because of diffusion. If their random walk
takes them towards either the P substrate or allPthey will experience a small potential barrgare
to the difference in doping between these areastlaadepitaxial layer. These potential barriers are
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small but sufficient to keep the carriers withire tepitaxial layer. Provided their lifetime is long
enough, the minority carriers will be eventuallylected by a PN junction and if there is only one
junction in the pixel, the fill factor in visibleght applications will only be limited by metal kg for
front-illuminated sensors and will be virtually P@0for back-illuminated sensors. High-energy
charged particles can traverse the metal layers amydother material, generating a thin trail of
electron-hole pairs in the silicon and, providedréhis only one PN junction in the pixel, the emtir
amount of radiation-generated electrons will beleotéd, thus making the sensor able to detect
particles regardless of where they hit the ser22y: [

This maximum 100% fill factor is only obtained e collecting junction is the only such junction
in the pixel. This automatically limits the eleatrcs in the pixel to NMOS transistors only [23],
drastically reducing the complexity of the electooprocessing that can be done in the pixel.

In order to allow PMOS transistors in the pixeledras to isolate their N-wells from the P-epitaxial
layer. One way of achieving this is to use sili@ninsulator (SOI), using the handle wafer as the
detection medium and adding vias through the buriede to connect the handle wafer to the CMOS
electronics. If the handle wafer has a high restgtiit is also possible to deplete a significpait of
its volume [24, 25] in order to improve the chargalection. However the use of SOI wafers
drastically limits the number of available foundrignd today the size of such sensors has beerdimit
by the size of the reticle, i.e. to about 2&om.

Figure 2. Schematic cross-section of a CMOS wafer with thepdP-well implant. Not
drawn to scale.
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2.2. INMAPS CMOS

Our novel approach for isolating the N-wells of PBI@ansistors from the epitaxial layer is based
on the use of a standard, bulk CMOS process, neadbiy adding a deep P implant, as illustrated in
Figure 2. This implant generates a so-called “deep P-waelllich in the same way as a deep N-well
can be generated in most modern CMOS processesallVihis quadruple well process “INMAPS”,
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where the “IN” can stand fofsolated N-wells, or INtelligent. By adding the deep P-well layer
underneath all the N-wells used as substrate foOBMransistors, it is then possible to keep the
collecting PN diode junction as the only one in fieel that is exposed to the epitaxial layer, thus
allowing the integration of both PMOS and NMOS tiators within the pixel.

It should be noted that the additional implantnigaileep, cannot be made too small. This could be a
limitation for very small pixels, such as the omnesligital cameras, but it does not pose any sicgmiit
problem in the large pixels found in scientific Apgtions.

As mentioned above, the starting point for the INREA process is a standard, bulk process.
Although in this development we targeted a spedibiendry and a specific technology node, this
additional deep P-well module could be added totmnmosdern CMOS processes. The INMAPS
process was developed with a leading-edge foundltyinvtheir 0.18um process. The process also
features stitching as standard, so that it is ptess$d create sensors in excess of the reticleasideup
to wafer scale. The INMAPS process also featureseal levels, precision passive components for
analogue design and multiple gate-oxide thickness

3. TPAC1.0: ademonstrator for the INMAPS process.

The INMAPS process is of general interest for alhsors which require some complex in-pixel
processing while preserving a very high fill factor charge collection efficiency. In many sciemtifi
applications, some kind of in-pixel processingegaed, for example when data rate is high. Ingarti
physics, only a few pixels are hit by particles, reading out all the pixels would represent an
unnecessary burden that would in most cases odedog data acquisition system. A much better
approach is to read out only the few pixels whidhldt by particles. This requires some data redaoct
and processing logic within each pixel.

3.1. Application to electromagnetic calorimetry

In order to demonstrate the feasibility of this mgg@zh using the INMAPS process, we designed a
test sensor for an electromagnetic calorimeters Toione of the detector subsystems for a future
particle accelerator, the International Linear @elt (ILC). Details of the application can be found
elsewhere [26, 27]. A complete detector for thipligation would require around 30 layers of sensors
covering a total surface of the order of 2008 @iven a pixel pitch of the order of §0m, this
corresponds to a total number of pixels of the oafel0?, so this development has been named the
Tera-Pixel Active Calorimeter (TPAC) sensor. In oofethe current designs of the ILC machine,
particles would collide with a minimum interval 889 ns for a period of time lasting approximately 1
ms; a so-called “bunch train”. This is followed ayquiet period of 199 ms, when the sensor can be
read out, and all analog front-end circuits carpbeiered down. In every bunch train, only a small
fraction of all pixels are actually hit by partisleand so it is estimated that the noise hit ratalgv
dominate the overall data rate. With a target nhiseate of 1¢, the data will be very sparse so each
pixel needs to be able to process the data, detidehit occurred, and only report out when this
happens.
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In this application, the pixel has to detect sdechMinimum lonizing Particles (MIPs). When a
charged particle traverses a medium, it loses gradrg rate that depends on its speed. The enesgy |
tends to decrease with increasing energy and th&ches a minimum when the particle starts to be
relativistic, i.e. when its energy is of the samden as its rest energy (as given by the masshelf
energy is further increased there is only a sligbitease in the energy loss, in the range of 1@6ne
can consider the particle to produce minimum icmdreif its energy is sufficiently high. When this
the case, the particle is called a MIP. In partuhgsics experiments, the typical particle energies
sufficiently high so that most particles behavevidBs. The energy loss for a MIP is normally much
smaller than its energy so that it is convenierddiosider that they produce a uniform trail of &lec-
hole pairs when traversing the medium. The ioniratiate is largely independent of the type of
particles. The energy loss has statistical fluabuatwell described by the so-called Landau cudas, [
which has a peak and a tail towards high energgelnsThe Landau peak is the most probable energy
loss and in silicon its value is approximately Re3//um. This translates into a most probable number
of electron-hole pairs per micron of about 80. Amstesl above, the epitaxial layer is the detecting
volume and its thicknessspi is generally limited to about 3@m. Although some contribution to the
charge collection comes from the substrate, a ggpioximation is to consider that the total number
of electron-hole pairs generated by a MIP is e¢u&0*t,. For the 12um thick epitaxial layer used in
TPACL1.0, this corresponds to only about 960 electrole pairs and, given the charge diffusion
between pixels, the number of charge carriers cigteby any single pixel is even smaller. Any ferth
loss, specifically due to charge collection by Uaiexi N-wells, would make the detection of MIPs in
CMOS sensors very difficult, if not impossible.

3.2. Sensor design

The test sensor, called TPACL1.0, incorporates st#tys of four different pixel designs, of which
there are two primary architectures, calpgdShape and preSample. All pixels contain four small N-
well diodes for charge collection.

The preShape pixel shown inFigure 3 pre-amplifies the collected charge and uses a CRsiaper
circuit to generate a shaped signal pulse propwtito the input charge as shown in the figure. A
pseudo-differential signal is achieved by usingitipit to the shaper circuit as a reference |dwam
the simulation, the signal gain at the input to toenparator is 94 uV/e- and the Equivalent Noise
Charge (ENC) is 23ems.

A two-stage comparator generates an asynchronaas Hd decision, using a differential global
threshold and applying per-pixel trim adjustmerattis configured and stored at the beginning of the
sensor operation. A monostable circuit is usedeiegate an output pulse of a controlled length to
ensure a single hit is recorded in the logic, imshefent of the magnitude of the analog signal. The
shaper circuit naturally recovers after a signds@wand is therefore ready for a subsequent hitteve
after a short delay time proportional to previoiggal magnitude.

The preSample pixel (Figure 4) pre-amplifies the voltage drop on the diode namilar to a
conventional MAPS, and then uses a charge amptifieyenerate a voltage step proportional to the
input. The charge amplifier has been previouslgtrasnd a voltage sample stored on a local capacitor
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This forms the reference for the pseudo-differérgignal, which is then compared by the same two-
stage comparator as used in BreShape pixel. From the simulation, the signal gain at itiygut to the
comparator is 440uV/e- and the ENC is 22es. Two monostable circuits generate a hit ougnat
the necessary signals to reset the charge ampdifidrtake a new reference sample. After this short
self-reset the pixel is then active and will respond to a ggjoent hit event.

The preShape andpreSample pixels comprise 160 and 189 transistors respegtiagld are laid out
on a 50um pitch. Two variants of both thpreShape and preSample pixel architectures were
implemented. In each case the difference lies witly subtle changes to the capacitors in the ditcui
optimize signal gain based on circuit simulatiofise front-end analog circuits in the pixel accoiomt
the dominant power consumption on the sensor, atnar 10uW per pixel. The duty cycle of the
experiment described in section 3.1 means thisqbadite device only needs to be powered for 2 in
200ms period, thus significant power savings canmagle in operation. Power consumption will
always be an important issue in active pixels o thipe where static flow of current is required to
detect an asynchronous event. External controlasfels is provided so the performance of the sensor
can be evaluated in low-power operating modes.

Figure 3. PreShape pixel block diagram showing the analogue signath piom
collecting diodes to binaryit output.
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Figure 4. PreSample pixel block diagram showing the analogue signah plaom
collecting diodes to binaryit output.
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The implementation of the deep P-well implant ia flixel can be seen Figure 5. As the charge
collection is influenced mainly by the N-well arttetdeep P-well, only these two layers are shown in
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the figure; they are coloured purple and grey respaly. The boundary of the 50m pixel is shown

by the dotted lines. The pixel contains four chargkecting diodes (the four purple dots), connécte
together by metal lines. They are kept small toimize capacitance, and hence maximize charge-to-
voltage conversion gain, and in turn minimize tlogsa. The other N-wells, all protected by the deep
P-well, correspond to where the PMOS transistots @her devices sit. The complex pixel circuits
have been arranged such that N-wells can be pect@dath a single symmetrical deep P-well. The four
N-well diodes in each pixel remain exposed to thigagial substrate, and have been located towards
the corners to help improve pixel charge collechased on TCAD device simulations [29].

Figure 5. Layout of a 3x3 array gbreShape pixel from the TPAC1.0 sensor. Only the
N-well (purple) and deep P-well (grey) layers atewn. Every N- well but the

detecting diodes have got deep P-well undernedth. ibn-physical boudary between
pixels is shown as a dotted line.
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3.3 Sensor Architecture

The four pixel variants occupy quadrants of thesgem area, which contains 28,224 pixels and
covers 79.4 mf A sub-row of 42 pixels is served by logic contlain SRAM registers, which form
250 um wide columns that are insensitive to any charggodits. In addition, a single row of dead
pixels across the centre of the sensor is usedtobdite bias and reference voltages, and to feebu
control signals. These logic and bias regions auctar an 11.1% dead space in the sensing area. As
no deep P-well is added here, charge arising franigbes that pass through these regions will be
collected by local N-wells associated with PMOSsiators, and will therefore not be collected as
signal.

A key advantage of locating the logic as separat® the pixels is to minimize the risk of crosstalk
between clock signals and the sensitive analogt-god circuits in the pixel; no clock signals are
routed through the pixels; instead, thie outputs from 42 pixels are wired across to eachiseof
row logic. The row logic can latch the state ofstheasynchronous inputs by external control for
synchronization with the beam crossing rate, wyhical period 189ns for this application, and then
begins the processing sequence.

The principle of the hit data storage is to makénog@ use of the finite amount of local memory
available in each row. Rather than storing eacividdal hit separately, the row is divided into sav
parts, each containing six pixels. Each of the semgb-sections of the row is interrogated in turn
within the time window between each sample of tBehit inputs; the full pattern of hits in a 6-pixel
sub-section is stored if any are present. Thig®ffereduction in the number of memory locatioresdus
for a high density of co-incident hits, such asemsg particle shower, whilst only using a single
memory location for noise hits.

The row logic contains 19 SRAM registers of 22 leigch, which store the global timestamp code
(13 bits), the pattern of hits (6 bits) and the tipiéxer address (3 bits) that identifies and dsléueir
location within the full row of 42 pixels. Row addises are generated by a local ROM such that they
appear as part of the readout parallel data woné. Memory manager facilitates data write to each
register in turn, and selects each of the validsters during readout. An overflow flag is raiséthore
than 19 hits are generated in the row, in whichedhg data corresponding to the first 19 hits that
occurred are retained and any subsequent hit dathad row are discarded. The memory manager is
implemented as a bi-directional SRAM shift regisgteat selects a single register with one-hot cading

The row control logic can be operated in an overmgode that stores the hit output from every
pixel regardless of status. The 13-bit timestamgeiserated off-chip so arbitrary values can beedriv
during override operation to verify correct SRAMadeand write. Pixel configuration data, specifigall
the mask and trim setting, can be loaded, andratsb back, from the array.

In addition to the main design presented herenmegegpreSample test pixels have been implemented
which allow access to internal nodes for evaluatibhese include the facility to evaluate the
performance of monostable circuits, comparatom) &djustment of threshold, and the analog front
end circuits for thgreSample pixel architecture.
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The sensorRigure 6) was manufactured in the INMAPS process. The desggs 6 metal levels,
and both 1.8 and 3.3V transistors. Sensors withvatitbut the deep P-well implant were fabricated so

that a direct comparison could be made between.them

Figure 6. Photograph of the TPAC1.0 sensor.

4. The effect of the deep P-well on charge collection efficiency
4.1 Smulation

In order to study the effect of the deep P-welltloe charge collection efficiency, we simulated the
response of the TPAC1.0 pixels both with and withibe deep P-well using TCAD software. In the
simulation a uniform trail of charge is generatembtigh the epitaxial layer, at various positiongrov
the pixel area, and the amount of collected chagecorded for each cell. This model of charge
generation corresponds to either a MIP travershmg gensor, or to normally incident light at a
wavelength such that the absorption length is maooger than the thickness of the epitaxial layer.
This latter can be experimentally emulated by draied laser with a wavelength of 1064 nm, i.eyver
close to the silicon cut-off, illuminating the senfrom the substrate side.
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Figure 7. The geometry used in the TCAD simulation. The cadle indicates the
position of the charge collecting diode in the lowght quadrant.

50 um
7 8 /
4 5 6

In the simulation a #3 array of pixels was used, as showrFigure 7. Hits are generated in 21
points in a sub-section of the central cell as show the right of the figure, with ajim spacing to
save simulation time. The red dot in the figurerespnts the position of the diode in that quadrant.
Since the pixel has an approximate eight-fold sytmynéhe data from these 21 points is then mirrored
to create a symmetrical profile of charge collectimr 121 discrete points in the central pixel.
Simulation results are shown kgure 8 andFigure 9. For every hit position, labeled by the x-axis
value, the total charge collected by the four deodeeach cell is shown. The target pixel (cell) is
numbered 5 (as shown Kgure 7), while the other cells show the charge colledigdhe immediate
neighbours. The total amount of charge generatesl fixed to 1300 electron-hole pairs and the
ordinate gives the percentage of this full amouhictv is collected by the four diodes in a given.cel
The results are shown on a logarithmic scale. Withioe deep P-well, one can see that the amount of
charge collected by the hit cell is predicted tarbsome cases smaller than 1%. The collected Isigna
varies significantly for different positions in tipeel, with a maximum only in the few points nesre
the collecting diode (points 9, 13 and 14), wheis predicted to be about 30%. On the contrarghef
deep P-well is introduced, the dependence on pasisi significantly diminished; those points cldses
to the collecting diodes again collect the maximeimarge, at about 50%, but the overall profile is
much more uniform. A good fraction of the chargec@dlected by the neighbouring pixels due to
charge diffusion, but without the deep P-well ituMbe collected by the unrelated N-wells and hence
lost. The approximate symmetries of the pixel cambserved in the data, for example points 15 to 20
are symmetric between cells 5 and 2. The N-welbdhyis not completely symmetric and this is
reflected in the simulation for the no deep P-welse, e.g. with cells 5 and 2 not quite being equal
However, the deep P-well reduces the charge alisorfit a small enough level that the symmetry is
more apparent in this case.
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The pixel structure with the deep P-well is alsmpared to an ideal pixel, containing no unrelated
N-well and no deep P-welF{gure 9). This is an interesting comparison to a pixelhaf same size but
with no complicated electronics within it and hemae charge absorption except through the diodes.
This structure should have a similar behaviourh® one with the deep P-well with respect to the
charge diffusion. The amount of charge availablecfulection should be marginally higher because
the deep P-well takes up a fraction of the epitdaiger thus reducing the overall amount of chahge
can be collected, but this should have a smalkceffeverall the figures on the right and on the lef
show the same behaviour but the absolute numberdightly higher for the reference structure om th
left. This gives an indication of the expected rammgy charge loss to the N-wells through the deep P
well implant. It is interesting to notice that fbits in the corners, i.e. where the charge diffadio
neighbouring pixels is higher and there are no Nsythe results for the two cases are very similar

Figure 8. Simulation of charge collection for the (GDS) pileyout data, as a function
of the impact point as labeled kigure 7 and for the nine pixels (cells) in the layout.
On the left: without deep P-well. On the right: kviteep P-well.
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Figure 9. Simulation of charge collection for the (GDS) pix&yout data and an ideal
(perfect) pixel containing only the collection desj as a function of the impact point and
for the nine cells in the layout. On the left: wathperfect P-well. On the right: reference
plot from Figure 8: standard pixel with deep P-well
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4.2 Experimental results

In order to validate our simulation results, arranéd laser of wavelength 1064 nm was used to
inject signal intgoreShape pixels on the TPAC1.0 sensor. The sensor was itlated from behind and
the laser was focused down to a spot sizehao emulate the deposit of charge at a discretd po
the pixel. Due to the unknown effect of reflectioom the metal layers on the sensor surface, a®r la
calibration using a different sensor would not segly be accurate. Hence, only a comparisonef th
relative fractions of charge collected at each fpcam be made from these data, rather that thdwbso
values. The results are shown kigure 10. The vertical units are again the percentage ofgeha
collected in each pixel. Since there is good agesrn the shape of the curves for the deep P-well
data and simulation, an overall calibration fastas used to normalise these data to the correspgpndi
simulation curve, allowing easier comparison betw® two. This nhormalisation is common to both
the deep P-well and non deep P-well data, so thits phow the relative signal size of these twosase

Without deep P-well, the charge collected by thatre¢ cell is often below 10% and varies
significantly for different positions, reaching arimum of about 30% in a few points. Little charge
collected by the neighbouring cells. With the dé&epell, the amount of charge collected does not
depend too much on the hit position and is alwaysr @0%, reaching a maximum of about 50%.
Depending on the position, neighbouring cells ablle good proportion of the charge as expected
because of diffusion.

The agreement between the simulation and the dd#arly good, although the simulation seems to
overestimate the absorption of charge by the Nsamrlthe case without the deep P-well implant.

These results show that the addition of the deepelP-is very effective in preserving the
performance of the pixel from the point of view afarge collection. A further article detailing the
response and performance of the sensor is in @eqar

Figure 10. Experimental results corresponding to the simoashown in Figure 8. On
the left: without deep P-well. On the right: witeep P-well.
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5. Conclusion

We have developed a new process where a deep Bnimpladded to a standard, modern CMOS
process to obtain isolation of N-wells from thetapial layer. In this way, it is possible to intatg
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both NMOS and PMOS transistors in a pixel withony aignificant loss of charge to the N-wells
where PMOS transistors sit. It is then possiblalésign pixels with complicated signal processing
while maintaining effectively a 100% fill factor.

The new process, called INMAPS, was used to desggnsor in a 0.18n technology. The sensor,
tailored to a particle physics application, hasefixwhere a low-noise signal conditioning chain was
integrated together with a comparator and trim stdpent logic to control non-uniformities between
pixels. In each pixel there are over 150 transsstaith a fair mixture of NMOS and PMOS transistors
The sensor has been manufactured and experimestdts show the effectiveness of the deep P-well
on the charge collection.

In the first sensor we integrated four differerdy of pixels. On the basis of the results from the
first sensor, we were able to select the most mimmiarchitecture and this has been implemented in
new sensor, which will have a uniform array of fgxd his second sensor, TPAC1.1, is expected back
from manufacture in September 2008.
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