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_Abstract—The purpose of this work is to study layout solutions  (CERN, Switzerland), the radiation is mainly due to neu-
aimed at increasing the breakdown voltage in silicon micro-strip  trons and charged hadrons which lose energy via nonionizing
detectors. processes. Silicon detectors for LHC experiments should be

Several structures with multiple floating guards in differ- . . s
ent configurations have been designed and produced on high- d€Signed to withstand fluences up to severaf art- cm™2,

resistivity silicon wafers. The main electrical characteristics of integrated over several years of operation.

these devices have been measured before and after irradiation. Multiguard structures are one of the possible solutions to
Both radiation-induced surface and bulk damage effects were |imit the electric field intensity at p—n junctions. They consist
considered as well. The highest breakdown voltage was found of a series of concentric floating guard rings which can be

on devices featuring p~ guards without field plates. A simulation . . . .
study has been carried out on simplified structures to evaluate Piased via punch-through conduction to the central diode [1].

the distribution of the breakdown field as a function of the guard In this way they produce a distribution of the applied potential
layout. The aim was the design optimization. across a large distance from the main junction. Otherwise, the
Index Terms— Avalanche breakdown, full depletion, guard electron accumulation layer at the Si—gi@hterface would
ring, layout, punch-through, semiconductor junctions, silicon produce a narrowing of the junction depletion region and
radiation detectors. consequently higher electric fields. High breakdown voltages
can thus be obtained by optimizing the distance between
floating guards, which in turn depends on the operational
) ) conditions, such as bias voltage and radiation effects.
H IGH voltage is often necessary to reverse bias'a®  \jany contributions to the study of these structures can
11 junction in many applications to silicon detectors. Thige found in the technical literature together with analytical
is true in several cases: when drift detectors are used, high f&5ks aimed at optimizing the layout of the floating guard
verse bias can be applied to ensure a good voltage distribut}ﬂ{bs [2], [3] and at calculating the breakdown voltage [4].
across the strips. Detectors on very thick substrates requfifase studies were developed over ten years ago and they
high depletion voltage despite the low doping concentratiof q mainly committed to the power device technology. When
high. depletion voltage_f, are a!so needed for detectors eXpoﬁ‘ﬁ.ﬂtiguards are applied to silicon detectors [5], [6], changes
to high levels of radiation which cause displacement damage,,cess parameters like substrate resistivity, implant depth
in the silicon lattice and type inversion, with a corrgspondlngnd shape, passivation layer material, and thickness must be
increase of the full depletion voltage. The effect is relatedy o, into account and the optimization procedure needs to be

to the generation of trap I_eve!s in the silicon k_)andgap WhiGh - nsidered. In addition, structures presenting a large number
affect macroscopic quantities like the full depletion voltage a guards increase enormously the complexity of an analytical

the junction leakage current. At Large Hadron Collider (LHC, pproach. Finally, the irradiation induces modifications of

the electrical behavior of these devices. lonizing particles
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Fig. 1. Set A of multiguards. The large guard is on the left, while the scribe line through the n-well is on the right (distances are expressed iarg)icromet

the same section, the problem of the distance of the implastsucture with six g guards (B2); i and p- intraguards

to the device edges, particularly crucial after type inversion, imve been added (B1 and B3, respectively). As a reference,
investigated by means of simple structures. Furthermore, tastructure with only the © guards has been produced (B4).
results after irradiation with both and hadrons are discussedBaby detectors are surrounded by guards with the A2 design.
In Section Ill, a simulation work on structures with a reduced This design was based on that already examined in [9],
number of guard rings is presented. Its aim is to understafjgich had already shown some limits, especially regarding
which are the important design constraints to be considered fae comparability between the different solutions. Now, within
an optimized design, taking into account the radiation effecisach set of devices, distances between corresponding guard
pairs are kept constant so that a direct comparison between
different layouts is possible. Moreover, in the previous design
A. Structure Description only the inward field plate option was taken into account,
Qile now the outward field plate option also is considered

Il. EXPERIMENTAL

Multiguard structures were designed around both diodes an N In additi had iousl| ticed 191 that th
baby detectors produced by CSEM (Neuchatel, Switzerlan )I: dn at |t|_or|1, W?I a:j pregm&/sy nlo iced [ ]d a d f_e ¢
and SGS-Thomson Microelectronics (Catania, Italy) on light piied potential mainly drops between large guard and 1irs

doped n-type{111), and 300xm (CSEM) and 400:m (ST) oating guard, with a nonoptimized potential distribution.
thick silicon wafers’. The diodes are 1:51.5 mn? p* square Therefore, a structure with an increased number of guards and

implants surrounded by a conventional 100 wide guard decreased intragu_arq spfacing has been designed (B3) t_o obtain
(large guard) and by external multiguard structures, extendiid?€tter voltage distribution across the guards. These different
900 ;m from the large guard edge. Baby detectors feature splutions are to be characterized from the point of view of their
area of 8.4x 30 mn? segmented into 128 AC-coupled, breakdown limit to find the best compromise leading to high
polyresistor biased strips. The detector area is surroundedis§akdown voltages taking care of the radiation environment
the large guard (which is also the bias line), which is agaifi Which they are meant to be employed.

surrounded by the multiguard structure. Diodes are availableTo test the minimum safe distance between the last p
in eight different layouts, grouped into two families (set Amplant and the 1 external well, we designed special edge
and B of Figs. 1 and 2). Set A consists of a basic structugguctures (produced by CSEM). They are 1-mm diameter
with six pt guards (A2); field plates have been added, eitheircular p* implants surrounded by arfrimplant at the edges.
inwards (A3) or outwards (A4). As a reference, a diode witholthe gap between®pand nt implants can be 25, 50, 75, 100,
guards has been designed (Al). Set B again consists of a b4§0, or 250um.
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Fig. 2. Set B of multiguards. The large guard is on the left, while the scribe line through the n-well is on the right (distances are expressed iarg)icromet

A SiO, layer passivates the device surface. Implant contactsThe behavior of the CSEM devices is generally different
are generally in aluminum. For comparison purposes, some f8dm that of the ST ones. The latters are available in a smaller
devices have an @\, layer interposed between metallizatiomumber, and a statistical approach is not possible.
and oxide; in these cases the contact can be polysilicon oRegarding CSEM structures, the highest breakdown value
aluminum. The metal contacts on both pnd n" implants are s found for layouts with only p guards, i.e., A2, B2, and
6 pm wider than the corresponding implanted regions, with@g, showing breakdown voltages often above 1000 V. Lower
3-um overlap over the junction on both sides. By means af, , values, (i.e., below 500 V) are not frequent and should
simulations we have seen that this narrow metal overlap leags attributed to localized defects.
toa betterfield distribution in thejuncti_on-surface_ proximities, |nward field plates (A3) tend to reduce the breakdown
with meaningful breakdown voltage increase, in agreemefjiage (as previously observed [9]), which mainly falls in the
with [10]. Its dimensions have been chosen to be large eno%ge 500-700 V. In most of the devices with outward field
according to the technology sensitivity and narrow enoggh. Ltes (A4) the avalanche breakdown point is too high to be
to have the features O.f afield plate. In the structures W'.th f!e easured with our experimental apparatus. Instead, the current
plate options the design allows a gap between metalhzaﬂo&arts to increase slowly (this behavior is labeled™ smooth
of 25 pim. raise,in the table) also at quite low voltages400 V). Diodes
without multiguards (A1) exhibit variable breakdown voltages,
B. Multiguard Structure Characterization often around 300 V, even if higher values are recorded as

All dc measurements were taken using an HP 41428 pic§éll- Structures with 11 intraguard (B1) have breakdown
ammeter capable of measuring up to 1000 V. For each setVgftagé much lower than B2 devices, usually in the range
measurements, the central diode and the large guard were K500 V, while the devices with only n-type guards (B4)
grounded, while a variable bias was applied to the backsiff@ture breakdown voltage in the range 300-350 V.
and current was measured at each terminal. The floating guard he plot of the guard voltage versus applied bigg—’
voltage can be measured by forcing a zero net current on aracteristics) is shown for an A2 and an A4 device (CSEM)
corresponding metal contact. in Fig. 3. A3 devices show characteristics very similar to

The available devices were characterized to evaluate #h@ devices. For each given pair of guards, the inward field
breakdown point,Vgzp, defined as the knee voltage in theplate results connect to the most positive floating guard (i.e.,
I-V log-lin plot. TheVgp values for all devices are listedthe external one), with the effect of increasing the surface
in Table I. accumulation layer density. In fact, the field plate acts as the
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TABLE |
BREAKDOWN VOLTAGES (EXPRESSED INVOLTS) BEFORE |RRADIATION, FOR
LAavouTs A AND B MEASURED ON DIFFERENT DEVICES. THE
SCRIPT “Sr” | NDICATES SMOOTH CURRENT RAISE; C PREFIX
INDICATES DEVICES PRODUCED BY CSEM, WHILE S INDICATES ST
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Layout Al A2 A3 A4 B1 B2 B3 B4 100

wafer 0 ] : ‘ ‘ o ‘ L
Céxx 400 530 460 | 460sr 500 | >1000 | >1000 | 360 0 100 200 300 400
Céyy 690 | >1000 | 400 | 350sr 490 | >1000 | >1000 | 350 Reverse bias, V

Cbzz >1000 | >1000 | 700 | >1000 || 480 | 400sr | >1000 | 360 €)

C679 >1000 | >1000 | 720 | 420sr 480 | >1000 | 770sr | 330 400

C682 520 | »>1000 | 685 | 460sr 540 | >1000 | >1000 | 375
C685 800 | >1000 | 790 | 400sr 490 | >1000 | 650sr | 350
C1714 320 | >1000 | 480sr | 550sr 440 600 | >1000 | 335
C1715 520 | >1000 | 690 | 760sr 420 520 | >1000 | 320

(o8]
(o]
[e=]

Guard Voltage, V
g

100
C1721 | 325 | 560 | 530 | 720sr | - | 700 s | >1000 | 300 g
C7122 | 360 | 950 | 630 | 740sr | 400 | 590 | >1000 | 310 0
C1728 | 780 | >1000 | 970 | 490sr | - i ; - 0 100 200 300 400

Reverse bias, V
(b)

Fig. 3. (a) Guard voltage versus reverse bias curves for A2 and (b) A4
structures.

C1729 300sr 440 290 | >1000 - - - -

C1758 290 400 400 | >1000 || 360 430 | >1000 | 280

C1759 240 450 350 | >1000 || 320 420 | >1000 | 250

Slm >1000 | 160sr | 660sr | 470 330 250 810 190
Sip T40sr 800 550 230 - - - -

too low for guardring operation, at least in the unirradiated
state. In partially covered devices, as is the case of A4 devices,
the gap introduced between the plate and the following guard
contact provides an additional potential barrier, making the
S5p >1000 | >1000 | 320sr | 320sr | - - - - device suitable for guardring operation. The potential on the
S5mn | 580sr | 460sr | 130sr | 920 st | - - - - top of the uncovered oxide becomes, however, very crucial
in determining the device behavior. For instance, a charging
. up of this potential at the field-plate potential can reduce
gate of a p-MOSFET shorted to the corresponding sourGge onset voltage dramatically. The stability of the oxide
This does not have strong effects on the potential barrigiirface potential depends, in turn, on the properties of the
between adjacent guards determining the punch-through ongggsivation layer as well as on the environmental conditions.
since the latter is mainly a bulk phenomenon [11]. On thenis makes such structures particularly prone to long-term
other hand, it has negative consequences on the breakdowghagbility problems in humidity environments [12].

it forces the potential difference between adjacent guards tan addition, the guard voltage distribution curves are
drop across a narrower surface depletion layer. The behawegrcely reproducible when devices come from different
of outward field plates is completely different. In this caseyafers, being sensitive to process-induced oxide charge
the gate of the equivalent p-MOSFET is shorted to draiQariations. As observed in the figure for A4, there is a
This produces a decrease in the accumulation layer dengibtential difference between the last guard (G6) and the
in a way which is dependent on the potential drop acropgckside indicating that the diode SCR has reached at least
the oxide and on the oxide charge density. As a resulhat position. Due to the extension of the SCR to the device
the silicon surface underneath the field plate can be wealdiges, it is possible that excess current is drained to the large
accumulated, depleted, or even inverted, clearly correspondifigard resulting in the smooth current raise observed in the
to the p-MOSFET turned off, subthreshold, or saturation-y curves.

regimes, respectively. This behavior is mainly controlled by The effect of the intraguard is different according to the
the “source-to-drain” potential drop which is different withindoping type. As previously observed [9]} rintraguards are
each pair of guards [12]. This is reflected in the guard voltag@orted to adjacent externaf"pguard potential. Therefore,
curves (Fig. 3), which are lower in devices A4 with respeche voltage difference between two neighbdr guards drops

to devices A2. Operation of outward field-plate structures hasross a narrower distance with a resulting decrease of the
been shown to depend strongly on the degree of coveragebsdakdown voltage in comparison with the case without intra-
the gap with the metal plate [12]. For a completely coveregguards. To contrast this detrimental effect we have increased
device, the voltage drop between adjacent guards equals the intraguard spacing with respect to the previous design [9].
corresponding MOS transistor threshold voltage, which diffeflthe same considerations hold true for B4 devices, where the
not so much within each pair of guard rings and is almoapplied voltage is forced to drop entirely between the large
independent on the gap size. Such a voltage drop is, howewrard and the first n-type guard.

Slmn >1000 | >1000 | 550 | 320sr - - - -

S5m >1000 | 860sr | 650sr | 320sr || 340sr | 670sr | 770sr | 245sr




DA ROLD et al: STUDY OF BREAKDOWN EFFECTS 1219

400 m The breakdown values are shown in Fig. 5 as a function of
~350 4 the gap width. The breakdown tends to increase with the gap
3300 = Y UGS width up to a saturation value reached at gap widths larger than
250 S 150 zm. The plateau value ranges fron550 V to~ 300 V.
o?gg This latter value is reached at high substrate doping and oxide
gwo charge concentrations.

3 50 a The solid lines in the figure are obtained from the models
0 proposed by Baliga [1] for a punch-through diode (vertical
0 100 200 300 400 lines), i.e., a p—n-nt diode operating in full depletion and

Vbias (V) for a cylindrical pt—n junction (horizontal lines). In detail, at

Fig. 4. Guard voltage versus reverse bias curves for a B2 (solid) and a Barrow gap widths the SCR easily reaches the edyenplant
(dashed) structure. The arrows indicate guards in the two devices at the sg[fel cannot widen anymore: the model for the punch-through
distance from the main junction. diode applies. At large gap widths, the SCR is free to extend
laterally, hence the model for a cylindrical junction applies.
As already observed (see Table I), devices with p-typEhis picture is only ideally true, as the SCR lateral width is
guards have high breakdown voltage. In particular, a largjgited by the surface accumulation layer.
number of guards with a narrow gap produce a more balanced’he agreement between the two theoretical models and
distribution of the applied voltage along the surface, as showre experimental data is qualitatively good at the extrema
in Fig. 4, whereVs=V curves relative to a B2 and a B3of the considered interval. In the intermediate region the
device are plotted together. Arrows indicate guards at thigits of both models are evident. The model for the punch-
same distance from the large guard. The potential drop timough diode is monodimensional and we applied it in the
B2 is larger than in B3. In layout B3, distances betweéen pdirection parallel to the surface, between the two implants.
guards are reduced to less than a half with respect to B3ut, the SCR widens also in the direction of the substrate.
A stronger reduction is consequently observed in the punchhis becomes important when the gap width is not negligible
through voltages which approximately scale with the squawdth respect to the substrate thickness. On the other hand, the
of the source-to-drain distance [11], [13]. model for the cylindrical junction, even if two-dimensional,
The different trend observed for the ST devices can it unable to account for the passivation layer with its trapped
partially ascribed to lower oxide charge and to larger oxidgharge and the small metal overlap. Moreover, the cylindrical
thickness. As a result, there is a lower potential drop betweepproximation of a p—n junction could be far from the actual
neighbor guards with respect to the CSEM case for the sajtection shape.
layout. This is reflected on the breakdown characteristics:Simulations have been performed by means of DESSIS, a
devices with only p guards (A2, B2, B3) often show smoothprogram part of the ISE-T-CAD package, which solves both
current raises at relatively low voltages, while the devicd3oisson and electron-hole current continuity equations. The
with outward field plates show the smooth raise at evdransport model adopted considers the drift-diffusion expres-
lower voltages (around 300 V in most cases). The higdions for the hole and the electron current densities. Impact
voltage breakdown in devices without protection (Al) ifnization is modeled according to van Overstraten and De
again attributed to the low oxide charge and to the fieldan [15], while mobility degradation at the Si-Siinterface
plate effect of the small metal overlap on a thicker oxidés accounted for by activating the transverse electric-field
The poor performances observed in devices A3, B1, and Bgpendence in the mobility model. Homogeneous Neumann
manufactured by ST could be attributed to a technology whidloundary conditions are imposed on top of the uncovered
is not yet optimized for high voltage operation. No extraxide. As input data, geometrical values for implant shapes
effect has to be attributed to the differences in the contagere taken from the manufacturer data, while for other param-
metallizations. eters we used values obtained from laboratory measurements.
The simulation results (full symbols in Fig. 5) are in good
agreement with the experimental data over the full range of
C. Edge Device Characterization distances. This proves again the analytical model limits.

I-V characteristics were measured on cut devices to de-
termine the breakdown point of each structure. The mea- .
surements suffered from instability problems, probably du@ !rradiation Test Results
to environmental variations affecting the surface [14]. In 1) Gamma Irradiation: We irradiated some multiguarded
fact, a large section of the surface is not metallized, anddiodes and a baby detector in tA¥Co gamma-cell at CNR-
results in being very sensitive to the environment conditioSRAE laboratory in Bologna. All samples were kept under
(humidity and temperature) much more than in the case lofis during irradiation, in overdepletion, but well below the
multiguard devices. In some cases, after a few voltage swedpsakdown point, as specified in Table Il. The total dose
a considerable breakdown voltage reduction was observeetieived in 4 h was 1 Mrad (Si).
probably due to stress-induced oxide damage. On the otheffhe overall effect of the irradiation is a reduction of
hand, measurements performed with low voltage ramp rdate breakdown voltage. The ionizing radiation produces an
were reproducible. increase of the positive charge trapped into the oxide. This
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Fig. 5. (a) Breakdown voltage obtained by experimental results (open symbols and dotted line), model predictions (straight solid lines), @omks simula
(full symbols). Curves were grouped according to the device substrate doping concenthégtior: 7 x 10'" cm—3 and (b)) Np ~ 1 x 10'2 cm=3.

In parenthesisV,, (expressed in cm?®) is specified as a result of measurements together with the surface chargé)(om is the fitting parameter

for the cylindrical junction model.

drives the silicon surface to strong accumulation, causingdays. Irradiated B2 devices have slightly lower breakdown
reduction of the junction SCR width at the surface [7]. As ®oltages, but always above 400 V. On the other hand B3
consequence, the electric field at the surface increases witfla pt guards) devices show the best behavior—they always
resulting breakdown voltage reduction. Soon after irradiatiokeep Vgp > 1000 V.

this effect is particularly evident in devices without protection A different trend is established in A4 devices (outward field
(A1) or in those showing poor breakdown performances befoptates) where the knee voltage on thé” curve actually tends
irradiation, such as devices with n-type intraguards (B1, B&) increase up to values approaching 1000 V. In this case the
or inward field plates (A3). In both case¥pp, lowers to enhanced accumulation layer reduces the SCR width so that it
200-300 V. cannot easily reach the device edges.

Irradiation induces the smallest breakdown voltage decreaséo particular effect seems to be due either to the technology
on devices featuring only“pguards. Only in one case doesr to the value of the applied bias, the final breakdown voltages
the breakdown drop te-450 V in irradiated A2 samples, with being quite independent of these two factors.

a recovery after about a week up to 830 V. Generally, values2) Proton Irradiation: We irradiated all A and B devices
over 700 V were observed. The baby detector, which has fom the same wafer (C1714) with 24 GeV/c protons at Cern-
A2 guard structure, shows a decreased breakdown from 1@®®. Considering 0.6 as the damage factor for 24 GeV/c protons
to 500 V. Even in this case Y returns to 630 V after eight [16], the normalized fluence was 1:810'* p cm2, chosen
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TABLE I
BREAKDOWN VOLTAGES (EXPRESSED INVOLTS) BEFORE IMMEDIATELY AFTER, AND EIGHT DAYs
AFTER v IRRADIATION. THE SCRIPT “SI” | NDICATES SMOOTH CURRENT RAISE OR “SOFT BREAKDOWN"

wafer device | Bias during irradiation | BD before | BD after | BD 8 days after
Cz Al 265 > 1000 340 380
A2 265 < 1000 450 830sr
A3 265 700 270sr 400sr
A4 265 >1000 >1000 800sr
C1715 Al 400 520 damaged -
A2 400 >1000 >1000 860
A3 no bias 690 580 540
A4 265 760sr 540 330
S5mn Al - >1000 - -
A2 400 >860sr 750 180sr
A3 - 650sr - -
A4 265 320sr 950sr >1000
S5p Al 400 >1000 340 200
A2 400 >1000 900 250
A3 265 320sr 420 280
A4 265 320sr 900 >1000
S5n Al 400 480sr 660 200
A2 400 460sr 820sr 250sr
A3 265 130sr 200 220sr
A4 265 920 >1000 >1000
Cz B1 265 480 360 365
B2 265 400sr 400 500
B3 400 >1000 >1000 >1000
B4 200 320 280 275
C1715 B1 265 420 310 330
B2 265 520 400 360
B3 400 >1000 >1000 >1000
B4 200 320 240 180
S5mn B1 265 340sr 200 280
B2 265 670sr >1000 >1000
B3 400 770sr 930 >1000
B4 200 245sr 240 180
C1703 Baby 400 >1000 480 650

in order to study the device behavior close to the substrateadiation, device A4 has a higher breakdown voltage after
inversion point. The equivalent dose was 0.8 Mrad. proton exposure.

After proton irradiation, the breakdown voltage generally Guard voltage distribution curves after proton irradiation are
decreases. Devices without protection or with B4 multiguardsown in Fig. 7 for an A2 device. They should be compared to
show the breakdown at around 250 V. Devices A2, A3, Bihose in Fig. 3(a). The trend of tH&;—V" curves after irradia-
and B2 tend to set their final breakdown at around 400 Yion is completely different as a potential drop is now present
In all cases this value is much lower than the preirradiatidretween all guards and the backside also at very low applied
one. The B3 device shows the high&%f, value after proton voltage with no evidence of the punch-through onset. This is
irradiation. As shown in Fig. 6, the breakdown, above 1000 due to the change in the substrate doping concentration leading
before irradiation, lowers to 630 V just after irradiation, witho type inversion; the substrate effectively behaves as a p-type
an almost complete recovery 21 days later. As seen afterand the conduction mechanism between guards is not ruled
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Fig. 6. I-V characteristics before irradiation (solid), just after proton irra- 0 10 20 30 40 50 60 70
diation (dashed), and after partial annealing (dotted) for a B3 device. DISTANCE (um)
300 Fig. 8. Simulated avalanche breakdown voltages as a function of the distance
> between diode and*pguard for the structure with a single floating guard
o (dotted) and for that with an™n intraguard between diode and™pguard
&"200 (solid). Data are reported for different oxide charge density values.
G
> . . .
E 100 Simulations were performed for different values
('J:‘? of the fixed oxide charge density. More specifically,
0 ‘ ‘ the considered charge density values range from
0 100 200 300 25x 101 cm2 to 1.0 x 102 cm~2, the latter value
Reverse bias, V being close to the radiation damage saturation level [17].

By increasing the oxide charge density, the damage induced
by ionizing radiation can be taken into account, at least in

anymore by punch_through mechanism. A resistive behav@rﬁl’st'order apprOXimation. As a matter of faCt, in the real
is recognizable as curves show a linear trend. Nevertheless, &gerimental conditions the irradiated devices are usually
potential barrier between pairs of guards is still kept high bynder bias. Therefore, the voltage drop across the oxide is
the enhanced electron layer at the surface. In this way curréffferent according to the position (e.g., close to or far from
conduction from the edges is avoided. the metallization/field plates). As a result, oxide charge build
The effects observed on the breakdown are similar to thoge is not uniform, as assumed in the simulations for simplicity.
seen aftery irradiation and they must be attributed to surface Simulation results are summarized in Fig. 8, where the
damage induced by ionizing protons. Being the substrate aféd@lanche breakdown voltage is reported as a function of the
irradiation close to the inversion point, it can be considerdtistance between thetpimplants for different oxide charge
as an intrinsic material. Therefore, the electric field is maingensities and for the two different structures considered. The
determined by the accumulation layer of electron undernedtvice with a single floating®pguard has an optimum spacing
the surface, thus resulting very sensitive to the surface dama@fe20 m, giving the highest breakdown voltage regardless of
the oxide charge value.
Such optimal spacing corresponds to a characteristic electric
1. SIMULATIONS field distribution, as shown in Fig. 9. In fact, in this case the

Optimization of a multiguard structure via two-dimensiondwo local maxima of the electric field, located, respectively,
numerical simulation is a computationally prohibitive taskat the external side of both the diode and the guard,
requiring in principle all the intraguard distances and guafive basically the same value. For narrower gaps, the highest
widths to be changed simultaneously and all the resulting psdectric field peak is on the external side of the floating guard
sible combinations to be simulated up to avalanche breakdoyutction, while, for spacings wider than 2am, it is at the

In this work, two simplified structures were simulated bgliode junction. As a consequence, the avalanche breakdown
using DESSIS (see Section II-C for a brief description of theoltage sharply decreases by decreasing (down tarh or
models adopted): the first one consists of a simple diode witicreasing (up to 4Q:m) the gap. Further enlarging the gap
a single floating p guard. Both implants (diode and floatingfrom 40 to 60 zm results in a smoother reduction of the
guard) are 2Qsm wide, while the distance between them halreakdown voltage.
been varied from 10 to 6:m. The second structure was As expected, the avalanche breakdown voltage is sensitive
obtained by inserting an'nguard between the main junctionto the oxide charge density as well. At the optimal spacing, it
and the g guard. Such an h implant is 20 m wide and decreases from 680 to 250 V while the oxide charge density
equally spaced from the two junctions. In this case, the gigpincreased from 2.5 10*' cm=2 to 1.0 x 10'2 cm~2.
between g guards has been varied from 40 to fth. The Finally, the n" intraguard does not practically influence
simulation domain has been extended laterally to rule out athe breakdown value for positive oxide charge values greater
border-related punch-through effect. The purpose of this wottkan 7.5x 10'! cm~2; however, at lower values its insertion
was to find the optimum distance for the single floating guadbes reduce the breakdown voltage. Such behavior can be
achieving the highest avalanche breakdown voltage andexplained as follows. The n intraguard is at the same
study the effect of the insertion of an intraguard. potential of the external  guard, minus the small junction

Fig. 7. V=V characteristics after proton irradiation for an A2 device.
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A design with a large number offpguards and reduced
intraguard spacing has shown the best behavior before and
after v and proton irradiation, as it can well distribute the
applied potential across the surface.

lonizing radiation damage leads to a reduction of the break-
down voltage, due to positive charge trapping into the oxide
and enhanced electric field at the junction. This effect dom-
inates also after proton irradiation leading to type-inversion.
In this situation,  guards are still isolated by the electron
accumulation layer, which mainly controls the electric field

20 r 1

ELECTRIC FIELD (x10° V/cm)

0.0

80
POSITION (um)

40 120 160

Fig. 9. Surface electric field distribution at breakdown. The oxide charge
density is 182 cm™2. In the upper part of the figure, a sketch of the simulation
domain (not to scale) is also shown.

forward bias. This happens because the punch-through current

forward biases the P-n-nt junction consisting of two g
adjacent guards [9]. Similarly, the surface accumulation layer
connecting the h guard to the externalipguard is practically [2]
at the same potential. As a result, at low oxide charggg)
densities, the h guard actually reduces the distance between
diode and g guard over which the surface potential can drop{4
This increases the local electric field, which, in turn, reduces
the breakdown voltage. Such an effect is more pronounced ?5?
the gap between diode and uard (and therefore between
the diode and the ' intraguard) is reduced. This explains
why the breakdown voltage decreases for smaller gaps at lo
oxide charge density. At high oxide charge concentration th
nt intraguard has little or no influence on the local electric
field distribution, and the resulting breakdown voltage doe¥’
not appreciably differ from that relative to the structure(g)
with the p™ guard only. However, the n-stop layer implies a
minimum distance between diode and guard wider than
20 pm, thus not allowing for the optimal spacing.

The analysis considered in this section has focused on
two simplified, single-guarded structures (with and witho 50]
an it intraguard). Such an analysis, although not allowing
straightforward generalizations to the multiguard problem,
provided some useful indications which can be exploited in
the design of multiguards. First of all, it is pointed out that thg ¢
optimal gap between the large guard and the firstflpating
guard is wide enough to be compatible with the technolo
constraints commonly adopted for the fabrication of silico
detectors, this fact justifying the effort made to determine it.
Otherwise, such a distance could simply be chosen as &g
minimal value allowed by the technology tolerances. Seco 4]
it explained why structures with*hintraguard behave worse
than those without 1 intraguard.

El

12

[15]
[V. CONCLUSIONS
In this work we have proved that multiguard structures afé¢]

effective devices to enhance and control the breakdown voltqgﬂ
of a pt—n diode.

distribution at the silicon surface.
We have
150 to 200uzm between the h implants and the most
external g~ implant.
Numerical simulations have given indications that the opti-
mum spacing for the single floating guard is 20n.

identified a minimal safety distance of
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