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Intense x-ray sources coupled with efficient, high-speed x-ray imagers are opening new possibilities
of high-speed time resolved experiments. The silicon pixel array detéefdd) is an extremely
flexible technology which is currently being developed as a fast imager. We describe the architecture
of the Cornell PAD, which is capable of operating with submicrosecond frame times. This 100

X 92 pixel prototype PAD consists of a pixelated silicon diode layer, for direct conversion of the x
rays to charge carriers, and a corresponding pixellated complementary metal—oxide—semiconductor
electronics layer, for processing and storage of the generated charge. Each pixel diode is solder
bump bonded to its own pixel electronics consisting of a charge integration amplifier, an array of
eight storage capacitors and an output amplifier. This architecture allows eight complete frames to
be stored in rapid succession, with a minimum integration time of 150 ns per frame and an
interframe deadtime of 600 ns. We describe the application of the PAD to capture an x-radiograph
movie of the mass-density distribution of the spray plume from internal combustion engine fuel
injectors. © 2002 American Institute of Physic§DOI: 10.1063/1.1435816

I. INTRODUCTION This charge is then processed by the underlying CMOS layer.
The detector is fully parallel in that each diode has its own

Intense x-ray sources coupled with efficient, high-speed . I ) d st lectroni the CMOS |
area x-ray detectors are opening new regimes of high-speesc'ﬁna processing and storage electronics on the ayer.
The true flexibility of the PAD architecture becomes appar-

x-ray imaging. Experiments of interest include contracting wh id hat i ¢ dify the f
muscle, enzyme—substrate interactions, polymerization, m& '+ When one considers what IS necessary 1o mo ify the func-

terials failure, elastic deformation under stress, and fielgtionality of the detector. The PAD presently in use at Cornell
induced changes in liquid crystdis’ Modern synchrotron UNiVersity is an analog current-integrating detector. How-

sources are sufficiently intense that the time resolution of Vel 0Nce the infrastructure of flip-chip bonding is in place,
many of these experiments are limited by the readout rates gramatically different detector designs tailored to specific ap-
available detectors, and not by the number of x rays. Al-Plications may be implemented simply by changing the elec-
though detectors based on large-format charge coupled d&Onics integrated into CMOS layer. So, for example, other
vices (CCD$ have improved the situation somewhat, CCD 970ups working on x-ray PADs for more count-rate forgiving

detectors are generally limited to successive frame rates @Pplications have chosen to implement digital designs in
roughly a millisecond. There is a pressing need for largeWhich the photons are individually counted. _

format, large area detectors which can frame at microsecond, The Cornell PAD detector is designed to acquire up to

or even faster rates. Here, we describe a pixel array detect§fght successive frames of data with submicrosecond time
(PAD) technology that is suited to this challenge. resolution. After all eight frames of data have been acquired,

the signal from the diode layer is electronically gated off and
the stored data is read out at relatively slow rates. Each pixel
contains an integrating input amplifier, an array of eight stor-
The PAD we have constructed is a two-layer device conage capacitors, and an output amplifi€ig. 1). The pixel
sisting of a 300um-thick high-resistivity silicon diode array architecture and testing of a small X4t pixel) version of
layer flip chip bonded to a pixellated complementary metal-this device has been described.More recently, a larger
oxide—semiconductofCMOS) layer. X rays are stopped in 100x 92 pixel version was evaluaté&d.
the diodes and result in the creation of electron—hole pairs. Several new pixel structures are now in test stages of
development at Cornell University. For example, we are de-
3Electronic mail: renzi@bigbro.biophys.cornell.edu signing a “push—pull” structure which is designed so that
YAlso at: CHESS, Cornell University, Ithaca, New York 14853, charge is alternately integrated on one capacitor while the

Il. PIXEL ARRAY DETECTOR ELECTRONICS
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+HV = IR 7T T T Stage .ot differ by many orders of magnitude. Although the electrons
. orage Stage .
) 'SE , OF’ are generally able to leak out, the holes become trapped and
N positively charge the oxide. This positive space charge be-

RE
DN\ .
L . I | | | | I I | N ‘ tween the field-effect transistqFET) gates and channels
Input Stage }zllc‘ila_}g_ . OR, leads to a monotonic drift of the transistor threshold volt-
h J'; . 4 ' ages. Another important radiation-damage effect is increased
| |

Output leakage of the transistors.
Stage

: " . As an illustration, the 92 100 PAD showed significant
------------ feeee - damage after 300 krad dogeferred to the Sig). The PAD
FIG. 1. Electronics integrated into each pixel of the PAD. Charge producedS adversely effected by both the increase in leakage current
by the conversion of x rays within the diode is integrated onto the capacitoand the change in threshold value. Due to the analog con-
in the input stage. Rapid imaging is accomplished by storing the integratedyr ,ction of the amplifiers, shifts in threshold and leakage
voltage of successive images onto one of eight storage capabrsC§. e ’
Digital switching logic is used to select the desired capacitor. On readout,Current lead tO.ShIftS in the background value. The total well
each capacitor is connected in succession to the output amplifier which igepth of the pixel depends upon the dc background value,
multiplexed to a buffer amplifier at the end of each pixel row. Also shownj.e. when the background shifts the total voltage available
are various pixel control switches: IR, integrator reset; SE, store enable; REfor integration shifts. In the case of the PAD. this means that
read enable; OE, output enable; and OR, output reset. . . . !

the pixel continues to function, but eventually the damage

i , , . compromises the well depth. A sample of the damage on the
other is being read out, so that framing may proceed indefigoy 100 pAD after 300 krad (Sig) is shown in Fig. 2.

nitely without readout pauses. The limitation to this designis 1, methodologies are being used at Cornell to raise the
fche speed at _whlch the entire detector can be r«_aa_d out, which iation damage threshold. The first technique is simply to
is mainly limited by the number of analog-to-digital output 1,46 tg a smaller size process to avoid charging of the ox-
channels on the detector. This detector is designed with the,.  gmaller cMOS processes naturally use thinner oxide
capability of being switched into a five capacitor rapid-|5vers |t has been shown that the leakage rate of trapped
storage mode, similar to the present devide.practice, we gl in the oxide increases dramatically as the oxide thick-
envision this PAD as being operated in a wdeo—rate—hkeneSS falls below about 20 nfnWhereas the HP 1.Zim

push—pull mode for sample alignment and survey work, with, o cesq yses oxide layers 20.6 nm thick, the oxide layer in
the capability of acquiring rapid, successive frames of Palthe 0.25 um TSMC process is only 5.7 nm thick. The second

ticularly interesting parts of the data. technique, which has been tested at CERN to deal with
radiation-induced parasitic leakage, involves developing an
IIl. PAD DESIGN CONSIDERATIONS enclosed layout transistofELT) in which the transistor

source is completely surrounded by the gate, thereby mini-
mizing leakage path€. The physical layout of an ELT am-
lifier designed at Cornell for the PAD is shown in Fig. 3.
ERN has demonstrated that the combination of a small pro-
ess and ELT design raises the radiation damage threshold
rom about 30 krad to above 30 Mrad. Since these doses

larger area. For example, the 9200 pixel PAD prototype T . I .
: . _ refer to absorption in the oxide, which is already shielded by
was fabricated with &now obsolet Hewlett-PackardHP) the diode layer, the radiation hardness is raised to at least

1.2 um process. This process had several limitations: First

the process was not radiation hardened, so the CMOS Iay%e;eralh_hlﬁn.dred Mraﬁ(ifirlretlj to t:et d?tecl'F;)r ffa):at 1?
would start to die after relatively modest x-ray exposure. €V, which 1S an acceptably long detector fife for most ap-

Second, the relatively large features of a L necessitated plications. The current test_ ampllifiers at Cornell shovy no
a large pixel 150um across. Third, the process allowed adamage at 3 Mrad to the oxide, with higher dosage testing to
maximum die size of only 15 mm15 mm. The trends follow.

within the semiconductor industry towards smaller processes

have worked very much in favor of the PAD designer. So, fory FUEL SPRAY RADIOGRAPHY

example, our newest design has been fabricated with a 0.25

um Taiwan Semiconductor Manufacturing Corfl.SMC) The benefits of a rapid-framing PAD are clearly seen in a
process with a maximum die size of 21.5 m1.5 mm. fuel-injector spray radiography experiments performed at
This has allowed a large format array (20213 pixels) of ~both the Advanced Photon SourtePS) and Cornell High

smaller pixels(100 um acrosswith greater functionality and Energy Synchrotron Sourd€€HESS. An understanding of
(see below greater radiation hardness. the details of the atomization of the fuel is of great impor-

tance towards increasing the efficiency of an engine and to-
wards reducing pollutants. The efficiency of the injector can
be evaluated by studying the critical first few hundred micro-
A typical problem for CMOS electronics exposed to x seconds of the injection process. Optical methods, which
rays is long term damage to the oxide layer of thegype  have typically been used in the past, are unable to reveal the
metal—oxide—semiconductofNMOS). The mobilities of true fuel mass distribution because the dense mixture of fuel
electrons and holes, created by x rays stopped in the oxidéroplets in air scatters light too strongly. However, the fuel

A typical PAD user would like a detector with large area
(many cm acrogs large format(e.g.,>1000x 1000 pixels,
minimal dead area, and high radiation tolerance. The larg
area and large format are not feasible with a single silicon
die, necessitating detectors consisting of several dies to tile

IV. RADIATION TOLERANCE



Rev. Sci. Instrum., Vol. 73, No. 3, March 2002 Synchrotron radiation 1623

Pre- irradiation After 300 kRad T F—————

SENSEAES 0 5 0 RU DFANERNERRE

2
E oxcoxcox 0 EgEE ascoascoxzo

FIG. 2. Radiation damage to a 8®2 slice of a 9100 PAD used in a
radiography experiment. The darker gray level is the standard background.
The white section represents an approximately 20% downwards shift in the
background pedestal. In order to test for radiation damage, the direct syn-
chrotron beam was allowed to fall onto the detector in a footprint outlined
by the white area.

spray can be x-radiographed to directly reveal the mass den-
sity distribution, provided that the x-ray images can be acFIG. 3. Operational amplifier for both the integration and readout stages of

ired th iate ti le st ft f mi the eight-capacitor structure. Thetype metal—oxide—semiconductor ele-
quired on the appropriate umes scale steps or lens Of MICIQpo g are designed as linear transistors; the NMOS elements are designed as

seconds. ELT. The amplifier has been tested and performs with equivalent gain/noise
Previous work on fuel spray radiography consisted ofto a linear counterpart.
detecting the spray absorption with a point-detecting gated
avalanche photodiode. This allowed fast acquisition of indi-havior. Both gasoline and dieséiot shown fuel injectors
vidual data points, but was a very slow method for mappingwvere studied.
out the full spray behavior over an area. The point detection Numerous unexpected structural details are visible in the
method did establish, however, that the fuel spray processdiographs. These details vary with the variables of the in-
had significant, and very reproducible, structural detail. Injector, such as the size, shape, and finish of the injector ori-
order to practically analyze the feasibility of different nozzle fice, and are expected to have significant practical implica-
designs, it was necessary to acquire image radiographs of tiiigns for the design of improved fuel injectors. Detailed
entire spray. results of these experiments will be published elsewhere.
The APS experiment consisted of studying the dynamics
of an automobile fuel injector in 6.4s slices. A fuel-injector
chamber with x-ray transparent windows was installed on 5
beamline 1-BM at the APS. In order to increase x-ray con-
trast, the injection fluid was doped with a cerium additive
and the radiographs were taken with an x-ray energy near the
Ce absorption edge. The entire fuel spray was mapped out
temporally for a total of 1.5 ms by taking multiple sets of
time-shifted data. Because the footprint of the x-ray beam
was considerably smaller than the 40 @256 mm area of
the spray, it was necessary to build up a radiograph “movie”
of the spray by acquiring successive time-slice images of the
successive spray cycles at different positions of the spray
relative to x-ray beam and detector. Repeated images of dif-
ferent fuel injections showed that the structural details of the 0 3 6 9 12
spray were very reproducible at any given position and time Position (mm)
aﬁer.lmecuon' A sample composng image from a gaso“.neFlG. 4. Composite image of gasoline spray coming from a fuel injector.
fuel injector nozzle is shown in Fig. 4. Follow-up experi-

‘ i g This is a 5us exposure taken 26@s after the start of injection. The injector
ments at beamline D-1 at CHESS confirmed the injector berozzle is positioned just below th8, 0) mm point.

Position (mm)
X-ray transmission
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