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with lonizing Radiation Detectors
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~ Abstract—This paper describes the work performed in ITE on  W-plug contacts are used to connect it to the rest of theitircu
integration in one CMOS chip the ionizing radiation detectas |ocated in device layer. This kind of junction (P+ implamat
realizations ofsicon detectors o ionzing radiation o presented 210 1 ype, preferably high-resistive for detectors, fiag
together with most important issues related to these deviee Next, wafer) was q§veloped fo_r the purpos_e of shielding the _IOW'
two developed test structures for readout electronics areidcussed Voltage sensitive electronics from the in uence of HV desc

in detail together with main features of non-typical silican process  integrated into the IC. For that reason this high-energyirtpp

deployed. process layer is named as SHIELD implantation. The main
Keywords—readout electronics, ASIC, SOI, ionizing radiation idea of discussed solution was to use the SHIELD implamtatio
detectors in non-typical way — to deploy it for building the detecting

junctions — pixels. Having the readout electronics (or itssin
sensitive parts) compact enough it would be possible taiéoca
it directly above each pixel (readout electronics layowdaar
HE main objective of presented work was to integrate ishould be close to pixel junction area) and to connect them
one monolithic integrated circuit the ionizing radiatiortogether by W-plugs. In such a solution, the detecting jiomct
detectors with dedicated readout electronics. This work caould be utilized to shield the sensitive readout electsni
be considered as follow-up of previously performed redeartrom HV in uence, to get rid of back-gate effect. To provide
[1], [2]. In previous solutions based on modi cation of theeffective shielding, detecting junctions have to be kept at
ITE proprietary silicon process using the SOl substratespnstant (or near constant) potential regardless of thegeha
detecting junctions were manufactured below the buried@xicollected, what in turn requires more advanced readoutiitirc
(BOX) in some kind of crater etched through the devicarchitecture to be used — one based on a charge amplier.
layer. Relatively large dimensions of the crater resultethe Such a solution is discussed in further chapters of thatipape
low level of layout compaction and in signi cant parasiticFigure 1 illustrates schematically detector cross-saciio
distributed capacitance. An important disadvantage of thd035 process (on the right) and previous solution developed
solution was the in uence of high voltage applied to cause thn ITE (on the left). This compact layout together with
full depletion of detecting diodes to the readout electteni advantages of the new technology allows for more ef cient
located in device layer — the back-gate effect in transistoread-out architecture than presented in [1].
This can be minimized by utilization of thick device layer al
lowing use of classical bulk transistors, but in this casetlaer
negative in uence is caused by P wells touching the BOX a "\ /i\--;j.:m
changing the potential distribution under them, what fieters - e
the charge collection process. The remedy is deploymehiof { pixel
SOI substrates with extremely thick device layer (to préve) .
the wells from touching the BOX). Such a solution, howeve -
is hardly compatible with any foundry standard process [4_Z£
In discussed work an advanced silicon process, namely HO35
from IMS Duisburg (Fraunhofer Institute for Microelection Fig. 1. Schematic crossection of detecting junction irtegt with readout
Circuits and Systems in Duisburg, Germany), was used fgFeironics in ITE process (left) and HO35 process (right).
non-typical purpose to provide the vertical integration of
detecting junctions and readout electronics. As one opifon
this process the high-energy Boron implantation is deploye
to manufacture the P-type area directly beneath the BOX, afdd 1™ Test Structure
The work was started with examination of usefulness of
D. Obrebski, A. _Szyméski and M. Grodner are with _t_he Integr_ated Circuitsthe H035 process, and in particular, the junctions made of
g’;?aﬁgs(fmfa”Ds?%{fgrgbi‘ﬁ”?;;ﬁq;gxﬂgﬁﬂf ologil Edelawe], Warsaw, - gy e py implantation. The rst test structure consisted of
J. Marczewski and D. Tomaszewski are with the Division of tdaystems four arrays of junctions in different con gurations, dedied
Iz;n(li rl1\ldanostructure Technology, Instytut Technologii Hiekowej, Warsaw, to measure the quiescent (dark) current and resistance of
OJé Piéczg’nski is with the Fraunhofer Institute for Microelectroniareuits ~ CONtacts. The full characterization of mentioned junciioras
and Systems in Duisburg, Germany. not available from the foundry, because these elements were
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Fig. 2. Typical characteristics of the detecting junctions

intended and used before only for shielding purpose, s thBi. 2" Test Structure — Single Pixel Readout Circuit

parameters were not too critical for any foundry design. The agar hromising results of 3 test structure measurements

measurements were done on a number of tesF arrays availaplg, < decided to develop second, more complicated block —

on a part Of. 200 mm wafer,. each of them is made of Gfe readout circuitry for a single pixel. Unfortunately imet

(8 x 8) junctions connected in parallel. The typical rever§§aantime the information was obtained from IMS, that HO35

and forward characteristics are shown in Fig. 2a and Fig. gb,cess variant with SHIELD implantation is out-of-use and

respeciively. the date of its next run is unknown. The MPW runs without
Forward bias characteristics exhibit a high on resistant@s option were still available. Taking this into account i

(Fig. 2b), furthermore groups of devices exhibit differenvas decided to modify the circuit to enable the laboratory

resistances. The diodes made of SHIELD implantation, tkespineasurements with input signal coming from test setuperath

their not-typical forward characteristics are very ingtieg than from junction below the BOX.

and promising, due to very low value of the reverse curreniBe readout circuit for single pixel consists of following

which enables their deployment in a function of detectore T blocks:

relatively high value of contact resistance is not a problemy) |nput circuit

because the current owing through the pixel is negligible.  2) Charge ampli er

Another part of test structure was the very simple readouf) Shaper

circuit based on the source follower concept, with capagiti 4) Peak detector

coupling at the input. This circuitry was expected to previd ©) Auxiliary circuits

some comparison with previously used concepts, manufddie input circuit was intended to provide the reverse bias fo

tured in different silicon processes during former resiealts detecting junction, created of the SHIELD implantationday

schematic is presented in Fig. 3. Due to temporary unavailability of this option in HO35 prese
the input circuit was redesigned to enable measurements
with input stimuli coming from external generator. To avoid

o problems related to stimulating the circuit with relativshort
) L j (10ns) current pulses, and the immunity of charge ampli er
el & input (high resistance) to external disturbances and jtigras
coupling from another input/ output signals it was decided t
= use the AC coupling (capacitive divider of 109fF to 445fRk).l
i ’—- this manner it was possible to stimulate the circuit withagu
Chel o e . wave of several mV amplitude. Input signal from the divider
e el L‘ IS S I T is fed to the charge ampli er build on the PMOS differential
| ;4;»‘ Ly Eﬂ ik pair (better 1/f noise parameters of P-type transistorgh wi
A T qL % voltage type parallel feedback based on two FETs. The gate of
@ one of them working as resistor can be disconnected from the

feedback loop and externally controlled using dedicatetl te
Fig. 3. Schematic of the simple readout circuit signals. Such an option was introduced to enable the externa

change of circuit parameters during laboratory tests. Tdre n

invering input of differential pair is biased with half of éh
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- T 7 RL The frgquency response and 0L_Jtput pulse parametgrs are
%‘j Fij 5 determined by: se_rlal input capacitance, parallel capacd,
JTJ_L b i ... feedback loop resistance and parameters of the FET used as
> i Fl = «= ampli er. There is a circuitry built in, similar as in the cigge
] Pf »ampli er, which enables the gate of FET operating as resisto
L ; in feedback loop to be disconnected and controlled from
1 WFFJ.*;‘ L{T outside using dedicated test signals. The output of theeshap
t i (the source of the last follower) can be pulled low using

fi

\E one of three signals — master reset, shaper reset (indlyidua

I and the last one generated by the logic part of the circuit
: during processing of the received pulse. This constitutes t
locking-down (disabling the signal path) functionalityhd
schematic of the shaper is shown in Fig. 6.

Fig. 4. Schematic of the charge ampli er

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ The role of subsequent block — the peak detector is to store
sgom = Ui UImoi Uy Uim s i Uimo: oy uim the maximum (peak) value of the input signal (one coming
F from the shaper) as DC level until it is read by external dircu
The circuit is also designed in differential pair topologittw
current type output used to control the current mirror chreyg
the “memory” capacitor (2.8 pF). The charging current o$ thi

sE@m L

e,

4@0m £ cap is proportional to the difference between input voltage
the voltage across cap increased by VGS of the FET used as
3gem | | i source follower separating the cap. Hence the cap is charged
- U]mpznagmn;ws,msnz st Uimp="56m"\T("/RES") to the peak value of the input pulse, and the discharge psoces
3p = UImp="3ZmUNTCYRES”) | a: Uimp="8m"VT("/RES") is possible only through the reset circuit. Unfortunatelgta
; concerning the self-discharge rate for this kind of cajacit
55 & were not available during design phase. Another part of peak

detector is mono-stable multivibrator, which is triggebstthe
ampli ed charging current of the “memory” cap. The 350ns
long output pulse of multivibrartor denotes, that there was
a charge pulse of at least 1000e level received at the charge

(v)

vg a - = ampli er input. The “memory” capacitor stores the peak \&lu

o g}mg;:[ggg:ﬁgmjmmﬁﬂg 2 H:mgzggmw\”{(/v/mgp)) of the signal until reset. The voltage signal from “memory”
capacitor via the source follower inside peak detector and

78m | the external buffer is available at the output of test chip.
Bk The digital block consists of several mono-stable and bi-

< s stable multivibrators which are used to provide self-tignin
W SRED synchronization of previously described analog block. The
@m ¢ output MEAS_EN level is changed from L to H approx. 360ns
s = — = — after the peak of the pulse from the shaper has appearedi(whic

6.8 18u ﬁmeﬁﬁ(us ) 34y 40u  corresponds to 1.16s since the detecting junction excitation).

This change denotes, that there is a DC signal ready for
Fig. 5. Transient response of the charge ampli er for vaitamises of 8, 32, Conversion awaiting at the analogue output. Another part of
56 and 80 mV. logic is responsible for blocking (locking-down) the signa
path after reception of charge signal generated by onecferti
from being disturbed by signal generated by subsequent one.
supply voltage. Figure 4 presents schematic of the charggis functionality is switched by the ENA input of the chip
amplier. — whenever it is high, the output of the shaper is tied below
The voltage pulse formed within the charge ampliethe 100mV which causes that pulses of amplitude lower than
(Fig. 5) as the response for charge pulse generated by igtect .6V are not transferred to the peak detector until resétinge
junction is passed to the shaper. ENA input to low disables signal path locking functionality
The role of this block is to transform it to the exponentiadlescribed above. The schematic of the peak detector is shown
form. It is done by the high side and low side bandwidtim Fig. 7. The DC and transient simulation were performed in
limitations, and the aim of this operation is improvemertest circuit shown in Fig. 8. Figure 9 presents the results of
of the noise parameters of overall circuit. The shaper pmrametric transient simulation for square pulse at thetinp
designed in differential pair topology with voltage typewith amplitudes of 8,32,56 and 80mV and rise time of 10ns
resistive parallel feedback provided by long-channel PMQSignals from the top: the peak detector output, the shaper
(w=3.6 m =10 m). In similar way as in charge ampli er, the output, input stimulus, reset). The relatively high namekrity
non-inverting input is biased with a half of the supply vgkta can be observed in this simulation, what is result of the
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Fig. 6. Schematic of the shaper.
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Fig. 7. Schematic of the peak detector.
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of FETs as high-value resistors. Another issue is lack of the

linear (e g. I\/IIM) capac|tor in the device set for HO35 pr(x;esFlg 9. Results of parametric simulation of single pixeld®at circuitry for
This non-linearity cannot be eliminated in total by cor®32:56 and 80 mV stimulation amplitude.

rection of FETs dimensions and operating points, so it was

assumed that ne linearity correction will be performed in

further stage by software. Figure 10 shows the results stfarting from the top is: master reset, input, shaper oupmatk

measurements of manufactured testchip — the signals segjuatetector output.
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relations of its component layers. Such statements have to b
de ned separately for all devices available in the proc@se
comparison rule le contains set of procedures responsible
for matching of one cell view (schematic) against another
(extracted). One separate procedure is de ned for eachyfami
of devices having the same speci ¢ set of parameter impobrtan
for comparison (e.g. for all types of MOSFETS). Besides the
comparison procedures the reduction and lItering oneslae a
usually de ned in comparison rule le. The role of the rst
ones is to replace the set of one type components connected
in series or in parallel by its equivalent circuit. This elesb
layouter to split one device (e.g. capacitor) into pieces to
improve the silicon area utilization. Filtering procedsiteave
been used to remove the unnecessary devices from the net-
work. The pins of removed device can be shorted or left open
depending on the function of removed component. Typical
application of Itering procedures is to get rid of elements
used in schematic for simulation purposes (e.g. de nitidn o
Fig. 10. Measurements results for manufactured testchipglespixel readout parasitic devices, patch_ cells). The LVS procedures tgstin
circuit process was performed in two stages. The rst of them was to
prove the parameter measurement functions within extnacti
procedures — it utilized some test layouts containing imsta
I1l. EXTENDING THE FUNCTIONALITY OF PDKFORHO35  of process devices differing one to another with parameters
PROCESS set applied. The second stage was to check the comparison

In parallel with development of the circuit itself anotheProcedures against false positive and false negative typese
effort was spent to extend the functionality of Beta PDgtarting with single instances of each type of device. Attet,
for H035. The complete readout circuit for single pixel wagiore complicated sets of devices were applied to examine
considered to be complicated enough to require the opgratth€ correctness of reduction rules. The usefulness of usé0
layout veri cation suite as prerequisite, while there wadyo rebuilt PDK was proved in 2012 during layout drawing for
the rst version of DRC available. This work was basedhe 1-pixel readout circuit. Figure 11 shows the mistake
on own experiences related to MPW service and PDK for
ITE proprietary CMOS process development [3]. At th@ &
beginning, the Virtuoso-XIM (schematic driven layout in
Cadence Design Systems toolset) was enabled to speed-
layout drawing process by automated generation of par&mne
cells with properties set accordingly to the schematic. @
required another section to be added to the technology &
In the next stage, the DRC procedures were debugged
modi ed according to the last available version of Desig
Manual for HO35. Detection of each design rule violation we
tested separately in dedicated layout. The most comptica
task concerned the LVS procedures (in fact the extracti
and comparison procedures). Among two possible devig
extraction concepts, based on advanced layer processmy 0§
device recognition layers deployment, the rst one was us
as more exible and, what's more important, not requiring thi
parametric cells to be modi ed. In a brief this method can b=
described as a series of operation on layers (geometric A
geometric OR, searching for the butting shapes etc.) whi
results in all devices to be separated from the layout.
example, the channel of MOSFET is found as superpositis
(geomemc AND Operat.lon).Of actlve_z_slrea (hole in LO_CO%QI 11. The example of error in layout, very hard to nd withahe LVS
oxide), proper type of diffusion, polysilicon (gate). Theath procedures.
and source areas are recognized as superposition of active
area with proper type of diffusion, without the polysilicorcommitted by layouter — the interconnecting path on rst
(geometric ANDNOT operation) butting to previously de nedevel of metalization became broken as a result of shiftimgy t
MOSFET. The next part of extraction procedures deploys tletive device (transistor) while compacting the layoutctsu
measurement functions to determine the geometric pr@serta specif ¢ error is not detected by DRC — the distance between
of already found devices (like W and L of transistor) abroken path and another shapes on the 1st metalization is




122 A. SZYMANSKI, D. OBREBSKI, J. MARCZEWSKI, D. TOMASZEWSKI, M. GRODER, J. PIECZWSKI

bigger than minimum. Moreover, this error is very hard toeadout circuit. In a single row of the array the MEAS_EN
be detected “manually” by visible inspection of the layousignals are grouped within the 8-bit long vector. Desired ro
The only way of fast and reliable detection of such errors ai® selected and connected to the output via eight 8-to-1limult

LVS procedures. plexers controlled by 3 LSBs of address signal. This sotutio
— parallel access to all sensors from chosen row enables
IV. THE FIRST ARRAY TEST STRUCTURE the fast checking of particle presence via simple logical OR

The next stage of the project was development of complecheratlon on each 8-bit word of MEAS_EN signals. When an

oo . : -eXcitation of detecting junction is signaled (correspogdbit
readout circuitry for a simple array. The main goal of this : . .

: in MEAS_EN vector is set), the analog signal from desired
task was to explore the issues related to development of

k detector is fed to the output via two levels of analog
readout for such set of detectors. These matters can be Sol%%ﬁtiplexers addressed by 3 bits (row) + 3 bits (column)

into two main categories of electrical and layout ones, Whicafddress The analog multiplexers are built in common 4-2-
will be discussed in the next part of the paper. The list 9 hierarchy but have non-typical internal architecturedose
problems relgted to electrical QeS|gn start.s W'th.the st of the split source topology of FETs in HO35 process. In this
iﬁizﬁrl\?\/aési:tglzseztitgrd t‘?]reevi'ﬁ_lfjg/ ’ t@;:'ﬁg:ﬁ p')t(ﬁéog?dnt?pology the transistor source is permanently connecteéld wi

enerator as a replacement for detecting diode %nfomlm%t%()dy contact, that makes the drain and source not permutable
9 P g ) I-éﬁnce, the typical transmission gate architecture basedon

zlrjr(;h s(cijrl]utur)gsgi?en dOthoe;kUZig e\i/f(;s')n _thgnc?ﬁs g;ger:énsgllrtansistors cannot be used, because the substrate diolles wi
y P P be forward biased for one direction of the signal. The more

is not possible to connect all inputs of charge ampliers ; . .
to the pads, and on the other hand — it is not practical 8mpllcated structure with four transistors — two for eaget

introduce any multiplexing for such small signals and higﬁonnected in opposite direction is used instead. Hiereathi

impedance nets. Due to these reasons it was decided to Crggpeematlc of entire array is shown in Fig. 12.

the chip for manufacturing with SHIELD implantation proses
option, that means with detecting junctions below the BOX. | = 3
proposed solution entire readout circuit is built hieracaliy,

and the starting point is single pixel readout block, whic
consists of elements discussed in details in previousaecti
pixel diode polarization circuit, charge ampli er, shappeak i
detector, digital part (locking down functionality) and adw
current mirrors. Each row of the array contains 8 single
pixel readout circuits, together with digital multiplexéor
MEAS_EN signal, analog multiplexer for peak detector otitp!
and current mirrors providing bias for each pixel. Finally
the array column consists of 8 complete rows, 8-to-1 anal
multiplexer with output buffer for peak detector outputrsady

and current mirror.

A. The Most Important Components of Array Readout CircUifg. 12. Schematic of the readout circuit for 8x8 detectoayar

As it was mentioned previously, the array test structure
is intended to be manufactured in the full process optionFigure 13 presents test circuit used for simulation of entir
with detecting junctions, so some modi cation was necgssa@rray. The detecting junctions for all pixels were replaosith
at the very beginning of pixel readout circuit. All detegfin current sources generating square pulse of 10ns period, in
junctions share the n-type handling wafer as common cathgerallel with 50fF capacitor. In Fig. 14 the simulation of di
and their anodes (made of P-type SHIELD implantation beloagonally stimulated array is presented: 8-bit long infaiora
the BOX) are contacted using W-plugs with the charge arectors (MEAS_EN) are being read from subsequent columns.
pli er located in device layer directly above the junctiofhe The high state of a bit within MEAS_EN vector informs,
detecting junction anodes are kept at the voltage appré¥. 1.that corresponding detector cell (pixel) was stimulated by
by a simple bias circuits, while common cathode will be hiasea particle. Hence, in diagonally stimulated array MEAS_EN
with the high positive voltage (30-50V). The input of charggectors from subsequent columns contains “1” at subsequent
ampli ers are connected directly to detector anodes, this Dbit positions corresponding to array rows. Complete opamat
coupling and the feedback allows the circuit to operate withf array readout — sending out the analog information from
detector dark currents to 5-10nA. It is important in the cafse stimulated pixel is shown in Fig. 15. The energies of stirrula
radiation induced defects during exploitation of detextdxs ing particles were chosen to cause alternately the 1000e and
another modi cation, a two-stage voltage ampli er was adde8000e charge pulses in stimulated cells.
to increase the sensitivity of charge amplier (MEAS_EN is Another important issue was oorplanning and layout draw-
signaled for the input charge lower than 1000e). The neixig for array test structure. As it was mentioned, charge
blocks within the circuitry — a peak detector, analog buéfied amplier cells have to be placed directly above detecting
digital part are left unchanged in respect to the single Ipixginctions to minimize the parasitics on interconnectinthpa
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Hence the shape and area of charge ampli er is restricted tc [T Jododer] 1 ] |
be as square as possible and have the linear dimensions clot defeor s

to 50um, which results in detector row (8 ampli ers above 8

readout electronics
for row #3

readout electronics
for row #4

junctions plus interconnections) of 560 x 60 mm dimensions.
On the other hand, the readout electronics for one detecto
row (whole circuitry aside from charge ampli ers) has linea
dimensions of 2018 x 410 mm. Such a mis t is known issue in
integrating different types of detectors with redout alecics
and requires special solutions to be used in layout. In deesttr
case it was decided to place the odd rows of readout electoni
on the left side of detector array and the even rows on thé ridtig- 16. Simpli ed view of detectors and readout block odap.
one, and to add vertical offset to detectors array. In thig wa
the interconnection path length between charge ampli e an
the rest of electronics were roughly balanced. Simpli eewi array. The most important among them are analog multiplexer
of proposed solution is presented in Fig. 16 . and analog buffer (operational ampli er), digital buffefset
The area separating detector array from the readout ele€-inverters) and current mirror. The remaining empty area
tronics at its left and right side was lled with vertical et was lled with two large capacitors used for supply Itering
providing common signals for: two pairs of supply and groun@®ue to relatively large layout dimensions resulting in long
separate for analog and digital part, three LSBs of addfess, supply lines within the ring, additional ESD structurespsly
MEAS_EN outputs, four analogue outputs, four bias currembltage clamp) were distributed around the IC. Figure 17
inputs and three control signals. Some components of theesents layout of entire chip, while Fig. 18 shows some part
circuit, which are used as single instance, rather than tagpar of interconnection area to give the knowledge about itslleve
readout electronic rows are placed in the area below detectof complication.

detqctor r}w #1

readout electronics readout electronics

for row #1 for row #2
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Fig. 17. Layout of simple array readout teststructure.
Fig. 18. Layout detail — some part of interconnection area.

V. CONCLUSION

Two advanced readout circuits for read ionizing radiations

detectors were developed basing on non-typical silicoogs®e

provided by IMS Duisburg. Measurements of manufactured

A. SZYMANSKI, D. OBREBSKI, J. MARCZEWSKI, D. TOMASZEWSKI, M. GRODER, J. PIECZWSKI

as well as the correctness of parts of layout verication
procedures developed in ITE.
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