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Detectors

with 3-D FElectrode Art
Fabrication and Initial Test Results
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IEEE TRANSACTIONS ON.NUGLEAR SCIENCE, VOL. 46, NO. 4, AUGUST 1999

Christopher Kenney, Sherwood Parker, Member, IEEE, Julie Segal, and Chris Storment

Abstract—The first three-dimensional detectors with n and p
eleeMs that penetrate through the silicon substrate have been
fabricated. Some expected properties, incloding low depletion
voltages, wide voltage plateaus before leakage current limits are
reached, and rapid charge collection are reviewed. Fabrication
stcps and initial test results for leakage currents and infrared
signal detectiop are covered. The authors conclude with a de-
seription of current work, including fabrication of active-edge
«detectors, ones with sensitive areas that should extend to their
physical edge.

Index Terms— Active edges, semiconductor detectors, silicon
detectors, three-dimensional.

I. INTRODUCTION

OLID-STATE semiconductor diode detectors were devel-
oped in 1949 [1] but did not become important for high-
energy physics until the development of the microelectronics
industry provided rapid advances in their technology. The
first wave of improvements was to the detectors themselves,
with the use of diffused junctions and oxide passivation
[2]-{4], photolithography [5], [7], high-resistivity silicon [6],
and getters [7]. The first devices which provided micron-level
position information became possible as a consequence of
the industry drive to fit ever-larger numbers of ever-smaller
transistors on a single chip and of charge transfer devices
primarily developed for optical applications {8}~[11]. The
development of the first custom very large scale integration
- (VLSI) readout chip [12] was the key step that made the use
of silicon microstrip vertex detectors possible at colliders and
much easier in fixed target experiments. However, increasing
radiation hardness and speed requirements at a number of new
colliders are placing difficult, if not impossible, demands on
the best this technology can offer.

Detectors with three-dimensional (3-D) electrodes pene-
trating into the substrate, such as shown in Fig. 1, should
have the capability of satisfying these stringent requirements.
Such devices cannot be made by the methods of standard
VLSI planar technology, which have been used up to now

Manuscript received February 9, 1999; revised April 26, 1999 and May
24, 1999. This work was supported by the U.S. Department of Energy under
Grant DE-FG03-94ER40833 and made use of the National Nanofabrication
Users Network facilities funded by thie National Science Foundation under
Award ECS-9731294,
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J. Segal was with the Stanford Nanofabrication Facility, Stanford Univer-
sity, Stanford, CA USA. She is now with the Heuristic Physics Laboratories,
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C. Storment is with the Stanford Nanofabrication Facility, Stanford Uni-
versity, Stanford, CA 94305 USA.
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Fig. 1. Three-dimensional view of part of a detector with 3.D electrodes
penetrating the substrate. -

to make strip and pixel detectors (as well as all current VLSI
electronics), since neither ion implantation nor diffusion can
alter the silicon more than a few microns below the surface.

This paper and two earlier ones [13], [14] describe the
beginning of what may be the next step beyond the exist-
ing planar detector technology—combining VLSI fabrication
technology with the use of additional tools and techniques
from the growing field of micromachining to make devices
with structures no longer confined to the detector surfaces.
Deep holes can now be etched, doped, and filled using these
techniques.

The maximum drift and depletion distances are them set
by the electrode spacings rather than the detector thickmess.
Both depletion voltages and collection times can then be kept
small. (See Figs. 2 and 3.) Simulations of 3-D detector designs
indicate the initial depletion voltage§ will be in the range of
1 to 10 V, depending on electrode diameter and piich, and
remain low, even with bulk radiation damage that increases the
effective doping by a factor of ten. Peak fields, located where
the depletion region borders the highly deped electrodes, are an
order of magnitude below breakdown levels and can actually
decrease under radiation, as a larger fraction of the voltage
appears across the increasingly highly doped bulk. .

Details of these calculations and some results -are given in
[13] and [14]. The caleculations for the 3-ID arrangement use
the two-dimensional (2-D) finite -element program, MEDICI
[15], which also handles such -aspects of charge motion as
drift, diffusion, and Ramo’s theorem effects [16], [17]. The
calculations for the planar detector:pulse shown in [18, Fig. 3]
assume a zero<rise time amplifier to -correspond with the
amplifier-independent calculation in MEDICL

0018-9499/99510.00 © 1999 IEEE
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Silicon Microstrip Sensors

‘Christepher J. Kenney, Sherwood I, Parker, Brad Krieger, Bernhard Ludewigt, Tim P. Dubbs, and Hartmut Sadrozinski

Abstrgct—The first silicon radiation sensors based on the
three-dimensional (3-D) architecture have been successfully
fabricated. X-ray spectra from Iron-55 and Americium-241 have
been recorded by reading out a 3-D architecture detector via wire
bonds to a low-noise, charge-sensitive preamplifier. Using a beta

- source, coincidences between a 3-D sensor and a plastic scintillator

were observed. This is the first ebservation of iemizing radiation
using a silicon sensor based on the 3-D architecture, Details of the
apparatus and measurements are described.

Index Terms—Radiation detectors, radiation sensors, semicon-
ductor detectors, semiconductor sensors, silicon sensors, three-di-

" mensional, 3-D sensers, (3-D) silicon sensors.

1. INTRODUCTION

'Y HE three-dimensional:(3-I) architecture for radiation sen-

A sors has electrodes that are perpendicular to the wafer’s
surface, and extend partially or completely through the three-di-
mensional volume of the wafer. This is in contrast to radiation
sensors built using planar technology where the electrode struc-
tures are parallel to the surface and restricted to be within a few
microns of the wafer’s top and bottom surfaces. Fig. 1 shows a
schematic view of part of such a sensor, with the front surface

+ in the drawing cut shrough the middle of three n-type electrodes

that penetrate alil the way from the top surface to the bottom.
Both planar and 3-D silicon semsors use reverse-biased p-i-n
diodes, but the electric field in the former is largely perpendic-
ular to the surfaces, while in 3-D sensors, it is parallel. Details
on how these devices were fabricated as well as simulations can
be found in earlier publications [1]-[3].

There are several properties of planar-architecture radiation
sensors that can be improved upon by the incorporation of a 3-D
or nonplanar architecture. Among them are the following.

1) At high fluences of imteracting particles, radiation
damage to the silicon crystal produces damage centers
that, in depleted silicom, are charged, increasing the
voltage required to fully deplete a silicon p-i-n detector
[4]. By allowing the spacing between N and P type
electrodes, and hence the depletion distance, to be less

" than the wafer’s thickness, 3-D architecture sensors can

Manuscriptreceived August 16, 2000; revised December 18, 2000, This work
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Fig. 1. Schematic, 3-D view.of partofasenser with 3-D electrodes penetrating
through the.substrate, Thedrontborder.of the figure is drawn through the center
of three electrodes.

be fully depleted after higher fluences than standard
planar-architecture sensors [5].

2) Charged particles usually come in parallel to the elec-

" trodes, and 50 all the ionization approaches the electrode,
where the induced signal is largest, at nearly the same
time. This combined with the short interelectrode dis-
tance, produces a large pulse with a fast rise-time.

3) For materials, such as GaAs and diamond, which have
significant charge trapping and hénce poor charge collec-
tion efficiency, the use of a 3-D architecture can reduce
the drift path of the signal carriers and hence produce a
higher signal-to-noise ratio [6].

4) The addition of active edges [3] should allow the fabri-
cation of sensors with negligible dead volume at the die
edges and the seamless tiling of large areas with butted or
overlapping sensors.

Earlier results using a pulsed infrared light source [3] indi-
cated that 3-D sensors did deplete at low, reverse-bias voltages
as expected. Radioactive sources emitting X rays and gamma
rays were then usedin this study to demonstrate the ability of the
3-D silicon sensors to detect ionizing radiation. Results of these
X-ray measurements and the methods used to achieve them are
detailed in the following sections.

1. MEASUREMENTS WITH X AND GAMMA RAYS

The geometry of the sensor used for these measurements was
that of a strip detector where sets of twelve, like-type electrodes
were tied together to form line segments. Each individual elec-
trode extended completely through the wafer and consisted of
a doped polycrystalline silicon core from which dopant atoms
have been diffused into the surrounding single-crystal silicon.
The separation between electrodes within a strip was 100 pm,
and that between neighboring strips of opposite type was also
100 pm. The n-type strips alternated with p-type strips in an in-
terdigitated arrangement, with the n-type electrodes midway be-
tween the p-type electrodes in the strip direction. Surrounding

0018-9499/01$10.00 © 2001 IEEE
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Performance of 3-D Architecture Silicon
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€nsors

After Intense Proton Irradiation
Sherwood I. Parker and Christopher J. Kenney

Abstract—Silicon detectors with a three-dimensional architec-
ture, in which the - and p-electrodes penetrate through the entire
substrate, have been successfully fabricated. The electrodes can be

- Separated from each other by distances that are Jess than the sub-

strate thickness, allowing short coliection paths, low depletion volt-
ages, and large current signals from rapid change collection. While
1o special hardening steps were taken in this initial fabricati n run,
these features of three-dimensional architectures produce an in-
trinsic resistance to the effects of radiation damage. Some perfor-
mance measurements are given for detectors that are fully depleted
and working after €xposures to proton beams with doses equivalent
to that from slightly more than ten years at the B-layer radius (50
mum) in the planned Atlas detector at the Large Hadron Collider at

Index Terms—Detectors, pin diodes, radiation hardness,
semiconductor detectors, silicon detectors, three-dimensional
electrodes.

I. INTRODUCTION

INCE the first custom VILSI chip was developed for the
A\ readout of silicon strip detectors [1], both the chips and the
detectors have been fabricated by planar technology methods.
With the precision provided by small strip spacin g and the com-
pact readout provided by the VLSI chips, such detectors have
played an increasingly important role in tracking at collider de-
tectors,

The coming generation of high-luminosity colliders will sub-
ject their innermost detector elements to extreme levels of ra-
diation. Silicon detectors are subject to a number of damage
sources. :

1) Ionization-caused charging of their surface oxide pas-
sivating layers can attract mobile substrate charges.
These in turn may short out adjacent electrodes or
increase their interelectrode capacitance [2}-[4]. This
charging has been seen to saturate at a value of 2.5
x 10 charges per cm? for a 500-nm-thick oxide, but
with no electric field applied during irradiation [5].
The same paper reported effects attributed to continued
charging in the similar oxide of a gated diode (but now
subject to an electric field) at fluence values more than
five times as high, not an unreasonable result with an
eleetric field driving charge to the surface.

-M‘apusc‘x?i‘p‘t received August 16, 2000; revised May 17, 2001 and June 11,
:2001. Phis work was supported by the U.S. Department of Energy under Grant
DE*FGOS——@@BR@%BI& and made use of the National Nanofabrication Users
Networlk:facilities supported by the National Scieace Foundation under Award
ECSsi9731294,

8.1 Patkeris with Lawrence Berkeley Laboratory, Berkeley, CA 94720 UsA
(esmail: sher@slac stanford.edu).

C. J.'Kcnney‘its with'the University of ‘Hawaii, Honoluly HI 96822 USA.
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Fig. 1. Schematic, three-dimensional view of part of a sensor with 3-D
electrodes Ppenctrating through the substrate, The front border of the figure is’
drawn through the center of three electrodes. ’

2) Damage to the crystal lattice produces defects that are
negatively charged when the silicon is depleted, causing
lightly doped n- and p-type silicon to develop a high de-
pletion voltage of the same sign as that of p-type silicon
[6]-{11]. While some of this damage can annea] out, a
temperature-dependent reverse annedling can cause a
major increase in such damage [12]-[15]. Maintaining
the detectors continuously at —5 to —10 °C prevents
this reverse annealing, but if the cooling is ever lost for

- more than a few days, the damage will be irreversible, A
mode] for this bulk damage, involving divacancies and
divacancy-oxygen defects, V20, has been developed,

~ which explains effective doping changes, leakage current
increases, and the leakage cutrent temperature depen-
dence for °Co gamma irradiation {16). Such detailed
agreement is not found for hadron interactions, which
create dense damage clusters that are not yet understood
in detail. Ve

'3) The charge carrier lifetime decreases, also from bulk ¢

damage [17]-[19]. (In addition, the lifetime was found
to vary with bias voltage [20].)

Recent work has shown that the incorporation of about
10'" oxygen atoms per cm® increases the fluence, by approxi-
mately a factor of two, for a given imcrease in those sgatively
charged defects [21}-{24]. This beneficial effeot is not present
with neutron irradiation, indicating ‘that it ‘may be the damage
from the less-dense Coulomb interactions that is being reduced,
The incorporation of oxygen also does not seem to reduce
leakage currents [25].

This paper describes the first radiation-damage test results
for a new form of silicon detector, which has a three-dimen-
sional (3-D) array of n- and ipeelectrodes perpendicular to the
surface and whichiperietrate the eritire thickmess of the detector
[26]-29]. Fig. 1:shows:a:scheratic view of such a detector. The
low depiletion voltages:and short collection ipaths for ionization
charges ‘madepossible wi‘th~33E*teélrm€il'@gy result in an intrinsic

0018-9499/07510:00 © 2001 ‘IEEE
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Electrodes: Near-Cell-Edge Sensitivity
Measurements as a Preview of
Active-Edge Sensors

Christopher J. Kenney, Sherwood Parker, and Edith Walckiers

Adbsiract—Silicon sensors with a three-dimensional (3-D) ar-
chitecture, in which the n and p electrodes penetrate through the
entire substrate, have been successfully fabricated. The electrode
spacing can be less than the substrate thickness, allowing short
collection paths, low depletion voltages, and large current signals
from rapid charge collection. This paper gives results when the
eylindrical electrodes of the earlier papers are replaced by a
combination of cylindrical and wall electrodes—ones in which
a'trench, rather than a hole, is filled with doped polycrystalfine
silicon. The detection efficiency remains high to within a few
micrometers of these wall electrodes, and is an indication that
similar high efficiencies should be achievable near the physical
edges of the proposed active-edge sensors.

Index Terms—Active edges, detectors, guard rings, insensitive

edge regions, semiconductor sensors, silicon sensors, three-dimen-
sional (3-D) electrodes, 3-D sensors.

I. INTRODUCTION

QO INCE the first custom VLSI chip was developed for the
D readout of silicon strip sensors [1], both the sensors and
their readout chips have been fabricated by planar technology
methods, in which all fabricated structures lie within a few mi-
crometers of either surface. These sensors.employ silicon diodes
with -electrodes in the form of closely spaced strips or pixels,
with p-type electrodes on one surface and n-type ones on the
other. Reverse-biased, they form a depleted diode with an elec-
tric field between the p and n electrodes for the collection of
ionization charges. This field must be kept away from the saw
cuts along the sensor edges, since they, with ali their dangling
bonds, are conducting and would short it out. Further space is
needed to keep the field region from any cracks and chipped
regions caused by the sawing, They can reach some tens of mi-
crometers in from the edge. Space must also be left for guard
rings, which drop the voltage in a controlled fashion, and inter-
cept edge leakage currents before they reach the instrumented

Manuscript received December 14, 2000; revised June 5, 2001. This
work was supported by the U.S. Department of Energy under Grant
DE-FG03-94ER40833, and funded by the Stanford Nanofabrication Facility
and:by the National-Science Foundation.

C. J. Kenney was with-the University of Hawaii, Honolulu, HI 96822 USA.
He is now with- MuSquared, Inc., Menlo Park, CA 95134 USA.
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sher@slac.stanford.edu).

E. Walckiers is with Philips Semiconductors AG, CH-8045, Zurich, Switzer-
land.
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Fig. 1. Schematic cross-section view of a sensor edge, showing some reasons
for the imsensitive region there: (a) space may be needed for guard and
voltage-dropping rings, (b) the saw-cut edges are conducting, and (¢) often
contain chips or microcracks, all of which must remain clear of (d), the bulge
of the edge of the electric field in the depleted region.

Fig. 2. Photograph of the cross section of a 525-jum-thick wafer with etched
trenches, Damage from the diamond saw wheel, schematically indicated in
Fig. 1, can be seen along the right center and left surfaces.

electrodes. For example, all these structures on the Atlas pixel
sensors at CERN occupy 14% of the total surface area, not
including amy material in the saw lanes {2]. Fig. 1 shows a
schematic view of the various features that result in significant
dead areas along sensor edges. Fig. 2 shows an electron micro-
graph of a saw cut through four trenches. The sort of damage

0018-9499/01510.00 © 2001 IEEE
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Abstract

Various fabrications routes to create ‘3D’ detectors have been investigated and the electrical characteristics of these
structures have been compared to simulations. The geometry of the detectors is hexagonal with a central anode
surrounded by six cathode contacts. A uniform electric field is obtained with the maximum drift and depletion distance

set by electrode spacimgs rather than detector thickness, This

should improve the ability of silicon to operate in the

presence of the severe bulk radiation damage expected in high-energy colliders. Moreover, 3D detectors made with

other materials (e.g. GaAs, SiC) may be used, for example,

in X-ray detection for medical imaging. Holes in the

substrate were made either by etching with an inductively coupled plasma machine, by laser drilling or by
photochemical etching. A number of different hole diameters and thickness have been investigated. Experimental
characteristics have been compared to MEDICI simulations. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: 3D detectors; Semiconductor; Medical imaging; Radiation hardness
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1. Introduction

The study and quest for new radiation hard
silicon detectors has become very active in recent

years [1]. Because of their high efficiency, small

thickness and fast readout, silicon detectors are
widely used in high-energy physics experiments,
including future experiments such as those at the

*Corresponding author. Department of Electronics and
Electrical Engineering, Glasgow University, G128QQ Glasgow,
UK.. . ‘
E-mail address: giuliop@a5.ph.gla.ac.uk (G. Pellegrinj).

0’16"8-'90‘02/@2/5 -see front matter © 2002 Elsevier Science B.V.
PIL: S'01 68-9002(02)00939.7

Large Hadron Collider (LHC). The LHC will
bring proton beams into collision at the centre of
the mass energy of up to 14TeV. The very high
luminosity foreseen (~10*cm=25~%) implies that
silicon detectors have to resist hadron fluxes of the
order of 10" cm™2yr~!, '

Under these conditions, detector performance
may be limited by a large number of defects
introduced into the device. The charge generated
by the ionising radiation is trapped in discrete
energy levels generated in the band-gap of the
silicon substrate, resulting in incomplete charge
collection. Moreover, irradiation results in a

All rights reserved.
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Fig. 3 (continued).

Fig. 3(2)d simulations incorporating sidewall da-
mage show good agreement with the experimental
data. The principal mechanism that causes deep
defects within dry etched material is ion channel-
ling {8]. This occurs when an ion is scattered into
the crystal along a low-index direction. When the
ion loses enmergy, 'it creates point defects and
localised defect complexes, depending on the
energy. '

3.1.3. Charge collection measure

e-particle pulse height spectra was measured on
the fabricated detectors, For light and electrio
screenimg the sample was placed in a metal box
which had a hole on one side. An Americium-24]
(a-5.45 MeV) source was placed above this hole to
irradiate the device, Due to the limited range of
a—particles in air, the apparatus was placed in an
evacuated metal container at a pressure of about
25mbar. The signal from the detector was read by
an Ortec pre-amplifier connected to a post-
amplifier with a 500 ns shaping time. The signal
was then processed by a PC-based multi-channel
analyser to obtain a spectrum.

Fig. 3(3) shows the spectrum and the CCE curve
obtained for a 3D detector dry etched and with
Schottky contacts. The charge collected at —80V
is about 50% of the total charge generated by

a—particles. This is the maximum value obtained

so far. The reason for the charge loss may be the
damage induced by the dry etching process.

g—-iiu__“_’;v 5 e 27 7 5 v
2.

Defects formed inside the bulk semiconductor
material, if charged, can screen the electric field
generated between the electrodes. Simulations
without sidewall damage show that 100% charge
should be collected already at 30V,

4. Conclusion

So far z DWS using Schottky contacts
have be successful?»created and tested. Process

steps for tion of 3D radiation detectors
with Schottky contacts have been developed and
complete detectors made., Dry etching, laser
drilling and electrochemical etching have been
used to create holes in different semiconductors
materials. MEDICI simulations have been com-
pared to experimental results characterising the
effect of sidewall damage inside the structures
made by dry etching,
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Fig. 1. Three-dimensional view of a typical cell.
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electric fields at the ends of the plot (corresponding to the
electrode centers) are due to approximations in the finite-
element calculations. |
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Keys to the technology:

1._ Can now etch deep, near-vertical holes.  «— teflon
bep asm efel: SF2F 5 Protect sides: ¢ s 29
2. With low pressure and moderate
Imperatures, gas molecules used to
form polysilicon such as SiH,,
SiH,Cl,, SiHCl, and SiCl, will =
bounce off the hole walls thousands - | N
of times before they stick. Mostly Tl
they enter, bounce a number of
times, and leave. When they stick,
it can be amywhere, and so a
conformal coat of polysilicon is
formed as the H (or Cl) leaves and |
the silicon migrates to a lattice site.

3. Gasses such as diborane (B,H,) and phosphine (PH,)
can be added to the silane. They also come out in a
conformal layer, and make p* and n* doped
polysilicon. |

4. Heating will drive the doy urronnding -
single crystal silicon, forming the p - n junctions and
ohmic contacts in high-quality silicon, keeping
electric fields away from the short-lifetime poly.
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POLYSILICON DEPOSITED
ON AND BOTTOM SURFACES




DEVICE CROSS SECTION

P ELECTRODE N ELECTRODE

P" BULK SILICON

b4

B P-TYPE POLYSILICON - N-TYPE POLYSILICON

P-TYPE DIFFUSION N-TYPE DIFFUSION

B sLoMNoM 7| THERMAL OXIDE
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Multipleg 1Cp

Conventional plasma sources are unable oo
meet the progressive demands of rredern
processes which include higher etch rare and
selectivity values, tighter profile conerol

while manwaining minimal miceol

i Simple, high relinkil atyf
dmghuctive coil driven |
| with auto matching. [
Mote. no plasma |

T 15 ceguired

miz:* with sy rm*mmai

High |
conductance
purmping
which
reduces gas
residence
time

oo

ANRHIHANIIOUL

Bellows sealed
assembly ensures
high reliability

SR

[
§ Lower glectrode: RF biasing at 13,56 MMz is
;gmase locked. Substrate cooling by mechanical or

electrostatic clamping with backside He

UTED PRINGE OF w
TELEERONE -

An advancernent in plasma source dessig
exsential wo accomplish realisation of fhese
reguirerments. The Multiplex Inductety
reducing CD and incraasing aspest ratio Coupled Plasra (ICP) from Surface Technokey
ading and Systerns provides the sehution

macroloading effects,

=2

View ports for optical emission
spectmsmp/ or laser interferometry |

v
i
i
i

High density
iplasma capable
1 of high etch
rate al low
; pressurs
O ’
b sy
P. .
o Mechanical
:: clamp
I fingers at
= wafer
processing
height

MESC
compatible
isalation valve
allowing either
manual loadlock
or cassette to

! cassette cluster
i handiing option
Y
Temperature !
controlled wafer }
electrode §
B
ST A SWE BLotaR ¥




__Wet gind Dry Etching
(L R




STEPS 1-3
OXIDIZE AND FUSION BOND WAFERS

s =

STEPS 4 - 6
PATTERN AND ETCH P* WINDOW
CONTACTS
- - STEPS 7 - 8
ETCH P* ELECTRODES
'@' N STEPS 9 - 13
| N DOPE AND FILL P* ELECTRODES

STEPS 14 - 17

ETCH N* WINDOW CONTACTS
AND ELECTRODES

14

STEPS 18 - 23
DOPE AND FILL N* ELECTRODES

STEPS 24 - 25
DEPOSIT AND PATTERN AL UMINUM




'Step ‘Mask | Clean ! Purpose Parameters
1 11,2 oxidize detector, suppert wafers 0.8 micron, 1100.C, wet oxide
12 ? 6  bond detector, suppon wafers | align, ecaxmtaet, anmeal at 1100C
|3 thin and polish detector wafer done by omsmle tx’nrm -
14 1 1 etch alignment marks silicon plasma etch, C2C1;F5 o
5 | 1,2 field oxide 0.7 micron, 1000 C, Wet eomid;e
»zé 12 etch n-type contact windows buffered HF/H,0 (1/6)
7 3 1 { n-type electrodes 7.0 micron thick resist
18 etch deep n column holes | high-aspect etch using STS
9 4,1,2 deposit poly getter/electrode layer 8iH, source, 620 C, 0.46 Torr
| 10 2% phosphorus doping of poly POCI, source, 30 min., 950 C
11 2% drive phosphorus into silicon | éllhour, 1000 C in nitrogen
12 5,2¢ | fill holes with more poly SiH, source, 620 C, 0.46 Torr
13 remove poly from both wafer surfaces || silicon plasma étch, C,CIF;
14 2 grow oxide for n-column caps 0.2 micron, 1000 C, wet oxide
15 4 1‘ etch p-type contact windows buffered HE/H,O (1/6)
16 5 1 p-electrodes ‘ 7.0 micron thick resist
17 1,2,4 etch deep pwluman holes high-aspect etch using STS
18 1,2,4 depaosit poly getter/electrode layer SiH, source, 620 C, 0.46 Torr
19 2* boron doping of poly BBr; source, 30 min., 955 C
| 20 2% drive bomn into silicon i hoﬁr, 1000 C in nitrogen
21 5,2*% | fill holes with more poly SiH, source, 620 C, 0.46 Terr
22 remove poly from both wafer surfaces | silicon plasma etch, C,CIF;
23 remove barrier bmaiw: buffered HF acid etch
% s 5 Al metal deposition and pattern 1.0 micron Al/Silicon (99/1)
25 3 | forming gas anneal 45 min., 400 C, hydrogen

‘Cleaning steps indicated in the third column are completed before the rest of the step. Cleaning steps 2* may

Table la -- Fabrication Steps

be omitted if the step immediately follows the preceding step. The specific cleaning steps are:

1: 20 min HZ.SO.‘/HZOQ (4/1)-120 C, dump rinse, spin rinse

S UEw

10 min H,50,/H,0, (4/1)-90 C, dump rinse, 10 min HC/H,0,/H,0 (1/1/5)-70 C dump rinse, spin rinse,

,dry

20 min EMT-130T-90 C; dump rinse, spin rinse, 5 min PRS-1000-40 C, dump rinse, spin rinse
5 min in oxygen plasma

2 min HF/H,0 (1720)
10 min H,80,/H,0, (4/1)-90 C,, dump rinse, spin rinse




Items omitted from initial (2 month) fabrication run:

(to determine, quickly, if the technology would work)

. Simulations for fabricated geometries, including surface

effects (only Bari paper geometries simulated)

. optimization of STS etching parameters for small d / 1
. field implants

. guard rings around electrodes

| as '
(requires double-sided processing and M not jswe
needed, but might provide useful information on
leakage currents)

. active edges ~ but we have resc (g From

Treancd electrocles

- only one thickness fabricated (121 microns)



WAFER

Implant/Metal Contact ang

Through-wafer Cond

Polysilicon Growth and Resistance Structures

C-V and I-V Measurement Structures

Paralle] Plates
Concentric Cylinders

sanged Offset Row Strip Arra

Ve {7 @L@&g@,@ m@)

Offset Row Strips - 100 micron pitch, 1 millimeter |
(4 olesigns )
Offset Row Strips - 100 micron pitch, 1 centimeter long

ng, 14

Offset Row Strips - 100 micron pitch, 1 millimeter long, 6 micron holes ¢«
Offset Row Pixel Array = All P Electrodes Go To Wire Bond Pads
{H o %; 1§ 8 )
Gitset Row Strips - Some Isolated
(e oleyugns )
Cylinder-Plate Arrays

<

ctrodes Go To Probe Pads

Hexagonal Arrays

ATLAS Pixel Detector - All P Electrodes to Bumps, N electrodes o probe pads o
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TESTS WITH GAMMA AND X-RAY
SOURCES

\Cg‘("ﬁthney) S qukcr’ 3. K”“‘"?{"',B'Lva{ew'\?*}

PERFORMED AT LAWRENCE BERKELEY NATIONAL
LABORATORY

CHARGE-SENSITIVE, 16-CHANNEL PREAMPLIFIER
(Ludewigt, et al., IEEE Trans. Nucl. Sci., vol. 41, No. 4, (1994) pp. 1037-1041)

ROOM TEMPERATURE
SHAPING TIME OF 1 MICROSECOND

USED A STRIP DETECTOR WITH 14 P-TYPE ELEC-
TRODES TIED TOGETHER WITH ALUMINUM

200-MICRON PITCH P STRIP TO P STRIP

100-MICRONS BETWEEN P ELECTRODES WITHIN A
STRIP
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1.7 200 4060 600 800 1000 1200 T%0C
hmemw

Fig. 9. Decay curves similar to those in figure 7 for a detector iradiated with 1 x 10** 55 MeV
protons/cmZ, The curves are fits of equation (4) to the data points between 200 an Lo B MV
curves at the left margin, from highest to lowest, for bias voltages of 45, 30, 20, 15, 10,and 5 V.

2e2
@-192‘:
g _ 8.“_
©
s a4
8 3.
>

2

\ time (ns)

Fig. 10. Decay curves similar to those in figure 7 for a detector irradiated with 2 x 1055 MeV protons
/em?. The curves are fits of equation (4) to the data points between 200 and 1600 ns, with the curves at the

left margin, from highest to lowest, for bias voltages of 60, 40, 20, 15,10,and 5 V.



igures 9 and 10 show similar sets of signal decay curves for detectors irradiated with 1 and 2 x 10", 55
eV protons per cm?. In contrast with the curves for unirradiated detectors, there is now a high tail at
onger times, easily visible after the initial exponential decrease. This tail may be due to the release of

diation. If we assume a single dominant trapping time comstant, T,

g, = the charge on the electrode

qeo = the initial charge on the electrode (from the rapidly collected, untrapped charge)

Gy = the initial trapped charge in the cell around the electrode

V = the voltage on the probe
V, = the initial voltage on the probe (from qeo/ C, since at t=0, the charge qo is all trapped)

V. = the voltage the electrode and probe would have if a charge g were deposited on them

R = the resistance of the probe

C = the capacitance of the electrode and probe

then |
dq ’ . Vv 4 — g, 4 - _
4. __;  ap o ol D(ge f)=—aaret ©
dt to—probe from—traps R dt (q 0 ) R C 7

If we divide each term by C, we have

t ——
RC RC ).~ @
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Speed -- 3D vs. planar

1. 3D lateral cell size can be smaller than wafer thickness, $0:
shorter collection distances
2. in 3D, field lines end on cylinders rather than on circles, so:
higher average fields for any given maximum fieid
(price: larger Ceioctrode: W€ NOW have 0.2 pF /121 ym long electrode)

3. most of the signal is induced when the charge is close to the
electrode, where the electrode solid angle is large, soO:

planar signals are spre ad out in time as the charge arrives

3D signals are concentrated in time as the track arrives

P -1 pommme -
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4. if readout has inputs from both n* and p* electrodes,
drift time correction can be made
5. for long, narrow pixels and fast electronics,

track locations within the pixel can be found



5.1 Parker et al. { Nucl. Instr. and Meth. in Phys. Res. 4 395 (1997) 328--343 337
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< cell center |

Ty
PR

Py
194

:
i

| BMPS /MICRON)

L]
€3

5Too 0 s0 1i00 | 1.50  2.00  2.50  3.00 3150 4.00  4.50 5.00
(a) TIME (ns)

& ¥ L T ¥ T 3 L

v null point

< opt
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Fig. 8. Current pulses on the electrodes from a track parallel to the electrodes (a) through the cell center, and (b) through the null point
between two n* electrodes. The fields are those of Fig. 2(c), 10*%/ce, 10 V. Effects of induced pulses {rom moving charges and diffusion
are included, but not Landau fluctuations or Coulomb forces from the other charges along the track.
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A hlgh—speed low-noise transimpedance amplifier in a 0.25 ;,Lm
CMOS technology

’ . @ ¥ . b ) 1@ 7 . . . !
Giovanni Anelli*', Kurt Borer’, Luca Casagrande®, Matthieu Despeisse®, Pierre Jarron®,
Nicolas Pelloux®, Shahyar Saramad™*

“ CERN, EP Division, CH-1211 Geneva 23, Switzerland
b University of Bern, Laboratory for High Energy Physics, Sidlerstr. 5, CH-3012 Bern, Switzerland
© Institute for Studies in Theoretical Physics and Mathematics (IPM), Tehran, Iran, P.O. Box 19395-5531

Elsevier use only: Received date here; revised date here; accepted date here

Abstract

We present the s1mulated and measusred performance of a transimpedance amplifier designed in a quarter micron CMOS
process. Containing only NMOS and PMOS devices, this amplifier can be integrated in any submicron CMOS process. The
main feature of this design is that a transistor in the feedback path substitutes the transresistance. The circuit has been
optimized for reading signals coming from silicon strip detectors with few pF input capacitance. For an input charge of 4 fC,
an input capacitance of 4 pF and a transresistance of 135 kQ, we have measured an output pulse fall time of 3 ns and an
Equivalent Noise Charge (ENC) of around 350 electrons rms. In view of a wtilization of the chip at cryogenic temperatures,
measurements at 130 K have also been cartied out, showing an overall improvement in the performance of the chip. Fall times
‘down to 1.5 ns have been measured. An integrated circuit containing 32 channels has been designed and wire-bonded to a
silicon strip detector and successfully used for the construction of a high-intensity proton beam hodoscope for the NAGO
experiment, The chip has been laid out using special techniques to improve its radiation tolerance, and it has been irradiated
“up to 10 Mrd (Si0,) without showing any degradation in the performance. © 2002 Elsevier Science. All rights reserved

Keywords: Deep submicron; CMOS; Transimpedance amplifier; Radiation tolerance; Low temperature CMOS

* Corresponding-author. Tel.: +41-22-7677216; fax: +41-22-7673394; e-mail: giovanni.anelli @cern.ch.
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SIGNAL (A.U))

VVVVV

Y-DIRECTION SCAN
~ IR MICRO-BEAM

¥ I ¥ ' ] I 1
FWHM = 73 MICRONS
EXPECTED = 75 MICRONS
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SIGNAL (A. 1)
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FWHM = 287 MICRONS

L | , !

*—+ 25 Volts Bias
a—s 35 Volts Bias

200
DISTANCE (MICRONS)

300




@ September, 2002

CONCLU:

SIONS

RST-3D DETECTORS H

S RICATED

AVE BEEN SUCCESSFULLY

1. THE.FI

2. THEY HAVEE RE:
MM AT -ROOM

\SONABLE LEAKAGE CURRENTS: % - 1 nA PER
TEMPERATURE |

3. THEY DEPLETE AT LOW VOLTAGES AS EXPECTED (TYPICALLY 5
-10V)

4. THEY HAVE WIDE PLATEAUS FOR INFRARED MICROBEAM
SIGNALS

5.BETA, X-RAY, AND GAMMA SIGNALS HAVE BEEN SEEN

6.4 14 KEV X-RAY LINE FROM A *'Am SOURCE FITS A SYMMETRIC
GAUSSIAN WITH A SIGMA OF 282 eV

7. A SENSOR WITH 100-MICRON CELL SIZE HAD ITS DEPLETION
VOLYAGE INCREASE FROM 5 V TO 105V (WITH A 45 V WIDE
PLATEAU) AFTER IRRADIATIION WITH 10'° — 55 MEV PROTONS /
CM* (PRIOR TO BENEFICIAL ANNEALING)

ACTIVE EDGE PREVIEW: AN INFRARED MICROBEAM SCAN
SHIOWS A SENSOR WITH SETS OF NORMAL 3D CYLINDRIGAL
ELECTRODES BETWEEN TWO WALL ELECTRODES IS SENSITIVE
T® WITHIN SEVERAL MICRONS OF THE WALL ELECTRODE.

9. AMPLIFIER-LIMITED “Sr RISE TIMES OF 3.5 NS AT ROOM TEMP.
AFTER 10'° P/CM?, AND 1.5 NS AT 130° K HAVE BEEN MEASURED

10. THE 2md FABRICATION RUN HAS STARTED






