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Abstract

The FPIX project is an effort underway at Fermilab to develop a pixel detector ASIC appropriate for use in the
BTEV experiment. The most ambiticus aspect of this project is that ali data from all hit pixels must be read aut every
beam crossing {132 ns) for use in the lowest level trigger system. Included in sach 50 pm =< 400 um pixcl s a three-bit
apalog to digtal converter which provides pulse height information to improve resclution. (Fiven the proximity to the
beam, the chips must be radiation tolerant. Rather than focusing efforts on a rad-hard techanology, the choice has been
made to use the inherent radiaiion tolcrance of decp submicron processes with radiation tolerant design technidnes.
This paper discusses both the design and the radiation tolerance of the FPIX pixel ceil.

PACS: D789 8E40.X; 29.40.W: 8540
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i. FPIX history

Our first prototype chip, FPIX0, was designed
1997 with the goal 1o establish a pixel front-end
optimized for the Tevatron collider cnvironment
and which addresses some of the BTEV experi-
ment requirements. It is an array of 12 columns x
64 rows with a column based sparse readout. The
pixel cell includes a charge sensitive preamplifier
AC coupled to a second stage for addition gain, a
comparator, a peak detector and the readout logic.
The peak detector provides a voliage proportional
1o the mput charge that is read out with the pixel
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address and is digitized off chip. The chip was
fabricated in the HP 0.8 pm CMOS process. A

description of FPIX0 and its measurement resuits
can be found in Refs. {1.21. FPIXO has been

successfully tested in a beam at Fermilab in the
1999 summer. The beam test resulis can be found

in Ref. {31

In 1998 we undertock a more ambitious second

step by designing the FPIX1 chip with a new
readout architecture that addresses the BTEV
experiment reguirements {as understood at that

time}. A complete description of the architecture
can be found in Refs. [5-7]. For the FPIX1 front

end we used the same principles as in FPIX0 with

few exceptions. The main difference is that we

replaced the peak detector with a 2-bit flash ADC.

We were encouraged to do so by Monte Carlo

simulations of the BTEV interaction region which



suggested that 2-bit analog information might he
sufficient to oblain the required spatial resolution
[4]. 1t was also the only solution known to us that
is compatible with a readout as fast as that
required Tor the experiment. FPIX 1 was fabricated
in the WP 0.5 pm process. Since the final chip has
to be radiation hard, our thought at the time was
to migrate our design to the then promised
Honeywell 0.5 wra SO rad-hard process. The
latter has never been made available. Encouraged
by the exceilent results obtained by the CERN
RIS group {8,9] with regard of the radiation
hardness of deep sub-micron processes, we decided
to implement our design in & 0.25 jun technolopy.
We had two 0.25 pm processes:available to us: the
one chosen by CERN for the LHC and the TSMC
.25 pm  process offered. through the MOSIS
service. by the Taiwan Semiconducior Manufac.
turnng: Company. Alter some comparison of the
two technologies, we decided 1o design our circuit
such that it would meet the specifications inde-
pendent of which of these two processes were used,

Our first radhavion tolerant chip, named Pre-
FPIXZ, was designed in 1999 and fabricated in the
TSMC 0.25 um process. }t contains several iso-
lated transistors for radiation evaluation and eight
cells containing rhe radiation tolerant amidog front
end (charge amplifier + 2nd stage + comparator
+ 1 FADC stage). Resalts 'rom this chip will be
presented subseguently.

After the successful test of preFPIXZ. we
proceeded with design of preFPIX2T which a 2 x
160 array of compicte pizel cells. The pixel cell unit
contains the re-designed anpalog fromt end (the
same as in preFPIX2 with minor modifications).
3 bit FADC, and an enbhanced {with respect
to FPEX1) control logic. The pixel size was
maintamed to be 50 um x 400 pm. PreFPIX2T
has been tested both before and after exposare to
33 Mrad (5:10;) of 1onizing radiation. The results
will be presented in the following sections.

2. Radiation tolerant fron{ end
A radiation tolerant design uses enclosed

structures for all NMOS transistors 1o prevent
radiation-induced ieakage through device edges,

and puurd nings to isolate devices [8.9]. To explain
some of the challenges we faced when we wanted
10 move our design trom a standard layount to one
that is radiation tolerant, we will discuss the design
ef the feedback structure and leakage compensa-
tion m the charge preamplificr.

Fig. | depicts the block diagram of the FPIX|
pixel cell. The DC feedback is assured by the M-
Mf wransistor pair. The feedback transistor is
biased with respect to the amplifier output by the
diode connccted transistor MH which is forced to
conduct a current I, 1ff is a global parameter that
controls the shaping of the ouniput pulse, When M{
is - inn saturation, the feedback capacitor is dis-
charged at a constant current HY. This provides
and enhanced controllability and stability. The
principie also provides for automatic tracking with
respect to the DO level of the preamp, which might
drift because of bias level. temperature, yadiation,
etc. The same structure help in tolerating DC
leakage currents, If an electron-collecting sensor is
used. a DC leakage current would flow from the
preamp input to the detector. This current would
cause the DC level at the preamp output to raise.
Consequently, the VIT bias voltage would follow,
causing the eguivalen: feedback resistance Lo drop,
which in turn minimize the DC level drop at the
output. For adequate stability and noise the
equivalent feedback resistance should take into
account the highest leakage current expected. The
net result is that the feedback current should be
small (3-10 nA) and Mf should have a (W /4) <€}

Because of the dependence of width of an
enclosed transistor on its length, the minimum W
/L is around 2.3 [16]. Furthermore, the transcon-
ductance of devices in the .23 wm processes are
higher than in the 0.5 nm one, which coraplicates
further the realization of an equivalent high
resistance using an NMOS structure. It became
clear 1o us that our scheme could not be
implementad asing the radiation tolerant styie, A
PMOS as a feedback device was rejected because
of DC bias problems doe 1o the fact that we chose
to retamn an NMOS as mput device.

The solution was to decouple the DC feedback
problem {rom the leakage compensation problem.
We adoptled the solution shown in Fig. 2. Assum-
ing we compensate for the lecakage current, the
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Fig. 1. A block diagram of the FPIX1 Ceill.
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Fig. 2. The solution of the DC feedback problem.

feedback transistor does pot have to be sized as a respect to a DC voltage that is determined by an
function of the maximum leakage current. The VA NMOS transistor. This provides some trackiag
voliage is pravided globally by the bias ccll shown with respect to temperature and process variation.

in the figure. Transistor Mf{ is still' biased with First order tracking of bias conditions will be



assured because both M and the current in
the input device are function of a master bias
current.

Leakage current compensation is carried out by
the structyre shown in Fig. 3. When no DC
current is flowing through the feedback device
both the input and output nodes of the preampir-
ficr are at the same potential. When a DC current
starts flowing through -Mf (R in the figure)
the output node vollage starls  increasing,
causing the output of the compensation amp
1o decrease. The current through the PMOS
transistor  increases in  turn, decreasing the
current through the feedback. When this double
feedback action stabilizes. the current flowing
through the cquivalent feedback resistance i
very small and the current conducted by the
compensation PMOS i< nearly equal to the leakage
CULTent.

It is very important that the compensatson amp
have a very low bandwidth not {o interfere with
high trequency signals and to praserve the stability
of the fron: end. A high 3 guin and a low offset
are essential to minimize the residual curvent in the
teedback. The largest leakage current that can be
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Fip. 3 Leakapge compensahion circuitry.

compensated depends, primarily. on the size of the
compensation PMOS  device, which  also
contributes noise directly at the input. Generaly
a compromise solution should be found. In
our application the maximum cxpected leakage
current is about 50 nA. Even if by taking a safewy
factor of 2, il was possible to size this device
to reduce its contributed noise to an acceptable
level { <4 percent increase in noise duoc 1o this
device).

3. Resalis

Fig. 4 shows the front-end response to different
input charges, 2t nominal bias settings. The
measured gain (78 pV/e~) is very close to the
expected one (B0 uV/e™ ) As stated previously,
the recovery time (return to base line} is controlled
by the global feedback bias current HY Fig. 3
shows the response to the same input.charge at
different feedback bias currents. In the cxporiment.
chips with high occapancy will be biused so as to
speed recovery and reduce pixel dead time. Fig. 6
depicts both the 10~90 pér cent recovery time and
the FEquivalent Moise Charge (ENC) versus the
feedback bias current,

As mentioned earlier one of the main modifica-
tions we introduced in this design was the leakage
compensation scheme. Fig. 7 shows the behavior
of the amplifier when different leakage currenis are
injected at the input. The leakage current is forced
from. the outside into the inpui via an NMOS
current mirror added 1o the layout of one of the
eight channels. Leakage currenis up 0 300 nA
could be injected without distorting the dynamic
response. The noise contribution of the current
mirror was, though. very high. It is clear from the
figure that very small leakage current is needed to
overcome the offset of the compensation amplifier.
Onee the offset is overcome, the amplifier is active
and no change is observed in the outpul puise
shape with  increasing  leakage currenis. The
change in the fall time is due to the fact that
the small offset leakage has caused the output
potential of the charge amplifier 1o . change,
and hence chuanging the equivalent fzedback
resistance



Fig. 4 Froneend response to ‘different toput charges.

Figl 5. Responsy o the sane charge with differént foedback biases,
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4. PrefFPIX2T

'?ig.-'?.. “Behavior under different akage currents.

end {the same as 0 prePPIX2 with minor

medifications), 3 bit FADC, and @i enhanced

DreFPIXZ T s & 25 180 wrray o readout pixel
cells, each coftaing the fedesipned aidlog front

(With respect 1o FPIX1) control Jogic. The block
dagrain. of the cell i shovwn in Fig 8. A complewe



description . of - the readout architecture can be old mismatch. noise distribution, systematic effects

found in Ref. [11]. PreFPIXZT does not have the - dué to power distribifion across the long columns
reguired eid-of-column logit, it is implemented off.  and the radiation Bardness of the design. The
chip: Our main objectives are 10 asses the thresh- circuit ‘has  beew. tested ‘both  before and
vads .
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after exposure 1o 33 Mrad (8103} of ionizing

radintion.

"The irradiation took place 4t the ¥Co source -
facility at Argonne National Lab. The dosimetry

was peri‘mm&d using-cobali activated glass filins
and is kaown to ‘be accuraté to 20 percent. No
filter for low energy particles was used, so any dose
enhancement phenomenon was not taken into
account. The estimaated average rate was about
285 Krad/h in Si0s. All the resuits shown are after
1-7 days of annealing at room temperature.
During irradiation, the chip wis biased as in a
normal operation. . No  bias  adjustments were

cartied out for the postirradiation measurcraonts..

After 33 Mrad, the chip was fully functional
with no degradation in speed (as infefred from the
kili/inject shilt register operation). We observed

less thean 10 percent change in “analog” power. -

Power wis less afler irradiation which is wiider-
standable from circuit point of view and is due 1o
small VT change in the PMOS ( <40 mV). The
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¥ig, 12, Threshold variation befors and after rradintion.

clirrent - consumption of the ADC comparators

‘depends on the PMOS threshold voltage.

Fig. 9 shows the amplifier output }mif;e ‘before
and after 33 Wrad. The output pulse is measured

“at the output of a sunple buffer amplifier placed at

the vutpit of the second stage. Fig. 10 shows the
samé measurement at a higher feedback ciirfent
(faster retirn to base line). We observe less than 5

percent chunge in both the fall and rise times. A .
3wV DC shift is- also  observed. Smmall signal

linearity characteristics are shown in Fig 11,

A maxiniuwm 7 percent gaindegtadation is incurred ©

after irradiation. This is believed 1o be due to the

“simple outpu buffer (which 5 not part of the pixel

celly. There are indications that -even these small

changes would disappear after proper annealing.

As-stated eatlier, the two important paraineters .
that we wanted to monitor are the threshold and
nioise distribution across the chip. Figs. 12-and 13

show these distributions both before and afier-_

irradiation for the 320 cells. A decrease in the
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Fig. 13, Noise distribution before and afler irradiation.
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Fig 14, Threthold varfation at bighier threshold befoie and’

after irradiation.

mean threshold of less than 200 ¢~ is seen while
the sigma i practically unchanged. The mean
ENC has increased by only 3 & whilg thé sigma
did " not- ‘change. ‘Fig. 14 shows the thisshold
“distribution at 4 higher -threshoid. Again, the
mean threshold has been offset by only 200 7.

&, Conchistons

We ' successfully ‘migrated our design from
COS pm pmcess o B2 S sing mdmimﬁ tolerant
" technigues. The circait perfonned a8 expected
before and after 33 Mrad. The radigtion results
presented in this paper, along with our uapub-

fished results from discrete devices, are extremely

encouraging. We believe thal ‘using -commeicial

deéep-submicron. processes to address total dose
radistion effects is 4 very vidble golution.
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