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Abstract

The work presented here is the result of the cotiative effort between the University of GlasgoWwCtH
IRST (Trento) and IMB-CNM (Barcelona) in the framank of the CERN-RD50 Collaboration to produce
3D silicon radiation detectors and study their perfance.

This paper reports on two sets of 3D devices. IRST CNM have fabricated a set of single-type column
3D detectors, which have columnar electrodes oftme doping type and an ohmic contact locatedeat t
backplane. Simulations of the device behaviour aelettrical test results are presented. In particula
current-voltage, capacitance-voltage and chargeedatmn efficiency measurements are reported. Other
types of structures called double-sided 3D detscare currently being fabricated at CNM. In these
detectors the sets of n and p holes are made fppusite sides of the device. Electrical and teabgiohl
simulations and first processing results are prtesen

1. Introduction

3D silicon detectors consist of a three-dimensi@anedy of p and n electrodes that penetrate ireal#tector
bulk instead of being implanted on the wafer sweféike in the standard planar detectors. Thesecdsvi
combine traditional VLSI processing and MEMS tedbgy [1].

The 3D structure has several advantages over plaecianologies. The distance between adjacent etédr
is determined by the desired spatial resolution] snindependent of the substrate thickness. Ttines,
charge pulse in a 3D detector is much faster aghibege generated only has to traverse the sheietrie
between electrodes rather than the full thicknésbe substrate [1]. This enhances the radiatisistance
of the devices, because the reduction in lifetinne tb the radiation-induced traps will have a semall
influence on the signal pulse height. Similarlycégse 3D devices only have to be depleted acrass th
distance between the electrodes, their depletidtag® is low. 3D detectors also have advantagésrins
of charge sharing as their design provides se#igdimng of the electrodes, separating out the eteéigld
region of each pixel [2].

However, the fabrication of 3D detectors is fulltethnological challenges. One of the main diffies! is to
integrate the etching and doping of the n and proakr electrodes into the fabrication sequences Wairk
presents two different approaches to simplify tileritation process of the devices: single-type moland
double-sided 3D detectors.

2. Single type column 3D detectors

The Single-Type Column 3D (STC-3D) detectors haserbproposed and designed by ITC-IRST (Trento).
These devices consist of columnar electrodes ofaimee doping type implanted in the silicon subsfrap
that the column etching and doping is performed/ amce. The columns are not filled. Instead, they a
etched away, doped with phosphorous from a solidcgg and a layer of oxide is grown inside them for
passivation. Also, the electrodes do not go allwhag through the wafer, so there is no need foupgpsrt
wafer during the fabrication. The ohmic contachadhieved by a uniform implant at the back surfaicthe
wafer, so the process is single-sided. The detéilse technology can be found in [3].



2.1. Electrical ssmulation

Simulations of the electrical behaviour of the degi were carried out in the University of Glasgoithw
ISE-TCAD 7.0. The simulated device hasaolumnar electrodes implanted on a p-type silisabstrate.
For simplicity, the columns are not hollow but madesilicon doped with phosphorous with a conceitdra
of 10" cm®. The column depth is 150m, the diameter is 10m, the pitch is 8@um and the wafer thickness
is 500um. The substrate resistivity is 8lcm, which corresponds to a boron doping concentratif
2.610™ cm®. There is an oxide layer with a positive chargel@f cmi” on the top surface, although no
isolation structures (p-stop or p-spray) were dafifor simplicity of the mesh.
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Fig. 1. Simulation of the depletion behaviour of a STC-@®ector. The colour red indicates zero and pasgpace

charge, and the spectrum up to blue indicatesasarg negative charge. The side of the figure igmMphalf the
distance between two adjacent electrodes. The ffactntact is not shown.

Figure 1 shows the depletion of the simulated dews the voltage difference between the electrades
increased. It takes place in two stages: first,cijeleted region grows laterally from theelectrodes until

at 7.5V the region between the columns is fullpldeed, and then progresses like in a planar device
towards the back contact. The detector volume iy fdepleted at an approximate voltage of 300V,
compared to 500 V for the equivalent planar dete®aturally, the depletion voltage will vary wittoping
concentration and substrate thickness.

Charge collection in those devices is relativelgwsldue to the zero field regions in the centre airf
columns where the charge carriers move only bwsiifin. According to the simulation results, thelpe&

the pulse produced by an incident particle in ti@igion will arrive to the readout electrode in B
although the complete collection of charge willddlO ns.

2.2. Devices

ITC-IRST (Trento), with the collaboration of IMB-QW (Barcelona), have fabricated a set of STC-3D
detectors. The wafers include pad and strip-likedgRectors, some planar diodes and other teststasc

As in the simulations, the fabricated devices cgingf 150um columns implanted on a p-type substrate.
Two types of wafers were processed: float zone (§ilgon, with a minimum nominal resistivity of
5 kQ-cm and a thickness of 5@@n, and magnetic Czochralski (MCZ) silicon, with @imum resistivity of
1.8 k-cm and a thickness of 3@@n. The dimensions and substrate characteristitiseofliodes fabricated
on the FZ substrate match the used in the simualatio

The STC-3D pad detectors consist of 1@ matrix of interconnected holes connected togdth¢he bias
line. A guard ring of holes surrounds the activeaaDifferent p-stop geometries were used to isdla 1
electrodes. Type 3D1 detectors have a single p4stgparound each hole. Devices 3D3 and 3D5 have a
strip-like p-stop between the lines of holes plup-stop separating the active area from the guiagl r
Finally, devices 3D2 and 3D4 have a single p-stevben the active area and the guard ring. Thardist
between columns is 8dm in all devices except for the 3D4 diodes, wherg 100um.

2.3. Test

The electrical characterisation of the pad STC-8Eectors was performed at the facilities of thevdrsity

of Glasgow by current-voltage (I-V), capacitancdtage (C-V) and charge collection efficiency (CCE)
measurements.

The capacitance-voltage characteristics were medsat 10 kHz with an HP 4284A LCRMeter. The
samples were placed in a Cascade Microtech praltiersto avoid electromagnetic interferences. Tinrg
rings of the devices were not biased for the C-\Asneements.

Figure 2 shows the C-V curves of the STC-3D didaésicated on the FZ wafers. The characteristica of
standard planar diode fabricated on the same sbsind of the simulated device are also shown. The
characteristics of devices 3D1, 3D3 and 3D4 shdunk at about 8 V that is due to the isolation loé {p-
stop from the backplane when the region betweercthemns becomes fully depleted. This kink is more
visible in devices 3D3 and 3D5, which have widestpps. Detectors 3D2 and 3D4, with no p-stops én th



active area, show a smooth depletion behaviouiasito the shown by the simulated device. For agés
higher than 10 V, the volume between columns iy fipleted and the depleted volume progressestiswva
the backplane, so the C-V curves of the 3D diode®oime similar to the characteristic of the planadel.
Due to setup limitations the characterization cooidy be performed up to 40V, so the full depletio
voltage of the detectors could not be estimatenh filoee measured C-V curves.
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Fig. 2. Capacitance-voltage curves of the 3D detectors.chiaracteristics of a planar diode and of the Isited
device are also shown for reference.

The I-V characteristics were obtained with a Ke&ithh200-SCS Semiconductor Characterization System.
The guard rings and the active area were biasedltsineously. The results for FZ and MCZ silicon are
shown in Figure 3. The current levels are low andlar for both substrates. 3D4 samples, with lagjech,
have lower currents, comparable with the currerd pfanar device. It is also clear that the p-gfepmetry
has an effect on the breakdown voltage: 3D1 sampiés a single p-stop around each hole, show alieea
breakdown due to the close proximity of theimplants to the helectrodes. However, the breakdown
voltage is sufficiently high to allow safe operatiof the devices.

Table 1 shows the volume current density and thieenti per column for each type of device, measured
20 V above the full depletion voltage s3/was assumed to be 180 V for the FZ diodes and 8 \the
MCZ, according to the results reported in [4]. Therent per column atp4+20 V is less than 2 pA in the
case of the FZ detectors, except for the 3D1 saraplt 350-630 fA for the MCZ devices.
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Fig. 3. Current-voltage curves of the FZ and MCZ 3D paecters. The characteristic of a planar diodess ahown
for reference

The charge collection efficiency measurements wareied out with™ particles from &°Sr source. Figure
4 shows the CCE curve for a 3D5 detector fabricatddCZ silicon. The charge collected is normalized
the value expected by an ideal detector 3®0thick, 3.5 fC. Three different stages can be rbjea
distinguished. At low biases, the efficiency in@es very rapidly with the applied voltage thankghe fast
depletion of the region between columns. The chamgthe slope of the CCE curve at about 8 V indigat



that the volume between the electrodes has becampletely depleted. This is followed by a secoratjst
where the charge collected increases more slowtlly thie voltage as the depletion progresses towthels
backplane. All the charge generated by the inconpadicle is collected for voltages higher than\25

which indicates that all the detector volume haxhed full depletion. Another interesting featufdhese

devices is that there is non-zero charge colleciiod V, due to the depleted region already preasmind

the columns in the unbiased device, as can beisdgg. 1.

Per column (A) Per unit volume (A/lcm®)
FZ MCZ FZ MCZ

3d1l | 6.68x10%° | 5.66x<10%° | 2.5810%% | 3.64x107%°
3d2 | 2.60x10%? | 3.80x<10%% | 1.0x10™* | 2.44x107%°
3d3 | 2.86x10%? | 5.83%10%% | 1.10x10™* | 3.75x10%°
3d4 | 6.21x10" | 3.4%%10%% | 1.5%10"° | 1.44x107%°
3d5 | 2.72%10%? | 6.3x10%% | 1.05x<10™* | 4.06x10™°
planar -- -- 1.34x10%° | 1.16x10™

Table. 4. Current measured at)+20V, per column and per unit volume, in the STC-3[ datectors.
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Fig. 4. Charge collection efficiency of a STC-3D pad d&iewith 3D5 geometry. The substrate is MCZ siliedgth
a thickness of 30Qm.

3. Double-sided 3D detectors

UBMMBump

Pagsivation

P-sto
i n+ doped

TEOS oxide 2um 10pm

Poly 3um

300um

p+ doped

p+ doped
S0pm

55um pitch

Fig. 5. Design of the “double-sided” 3D detector.

Designed by IMB-CNM (Barcelona), the “double-side8D structure is a different approach aimed to
simplify the fabrication process. In this case, tbtumnar electrodes are drilled from differentesicbf the
wafer. This design constitutes a close approximatibothe ideal 3D detector with a simpler techng|as it



avoids the difficulty of doping the two differeninkls of holes on the same side of the wafer. Fumbee,
with this configuration it is not necessary to bahd wafer to a support wafer for mechanical stifeng

Figure 5 shows the proposed structure. The reagleotrodes are’rcolumns etched from the top surface of
the wafer and isolated by means of a p-stop implEm¢ § columns are etched from the back side and are
all shorted together. The pitch is pB and the columns are 2hén deep with a wafer thickness of 308.

3.1. Electrical ssmulation

The depletion behaviour of this type of detectamuated with ISE-TCAD 7.0, is shown at Fig.6. The
simulation was done for a p-type substrate witlesistivity of 18 K)-cm, which corresponds to a boron
doping concentration of- 0™ cm®. There is an oxide layer at the top and bottonfases with a positive
charge of 18' cm.

The depletion region grows horizontally and vetticautwards from the hcolumns, so that the region
where the columns overlap is fully depleted at agéts lower than 5V. The detector volume is fully
depleted at 10 V, while for a standard planar deteaf the same thickness the full depletion valtag an
order of magnitude higher. In the volume betwedunroos the charge carriers generated by radiatiirowi
swept away horizontally by the electric field tetblectrodes and collected in a few ns like indeal 3D
detector [1]. At 20 V, for a particle arriving midwy between the electrodes, 92% of the charge gedera
will be collected in 3 ns, and 97% of the chargesins. This is five times faster than a standaehan
silicon detector which takes about 25 ns.
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Fig. 6. Simulation of the depletion behaviour of a “daklded” 3D detector. The side of the figure i3, half
the pitch between two electrodes. Colours are theeses in Figure 1.

3.2. Technology

The fabrication process has been designed and etidmk means of technological simulations with ISE-
TCAD and dedicated test runs. The holes are eteht#dan Alcatel 601-E DRIE machine. A maximum
aspect ratio of 24:1 has been achieved using a@uAask. Then the holes are filled with a polysitic
layer and doped from BN dopant wafers in the cddsomn, and in a POghmbient for the phosphorous.
Finally, they are passivated with a TEOS oxide daj#gure 7 shows a SEM micrograph of the bottora of
high aspect ratio hole etched on n-type silicoralt be seen that both the TEOS oxide and the ipotys
layer are uniform and have reached the bottomehtile. The pdoped silicon can be clearly distinguished
as a shadowed area around the hole. The bororepimooth at the corners.

A study of P and B doping has been performed talchiee characteristics of the junction for differen
diffusion temperatures and times. Figure 8 showsbitron profile, measured with the spreading rascst
technique, obtained with a diffusion of 10 min 860 C through a 3im polysilicon layer. The figure also
shows the profile obtained with the technologidaiudation of the fabrication process. The simulatfis
well with the measured profile. The depth of the gunction, for a n-type silicon with a resistivity
7.5 ka-cm (P concentration 5I0™ cni®), will be 2.4um, an acceptable value for detector applicatiohg. T
sheet resistance of the doped polysilicon is (&.8803)Q/sq.

A set of masks has been designed for the fabricatigprototype double-sided 3D detectors. The veafah
include 3D detectors with Medipix2, ATLAS pixel arilatus geometry, simple pad and strip-like 3D
detectors and test structures. The productionset af detectors on n-type silicon wafers is alyestdrted.
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Fig. 7. SEM image of the bottom of a hole.
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Fig. 8. Simulated and measured profile for a boron diffaf 10 min at 1050C.

4. Conclusions

Two different 3D detector designs have been presenthe single-type column 3D detectors feature
columnar electrodes of the same doping type afrtim side of the wafer, with the ohmic contactdted in

the backplane. For a pixel pitch of gth the volume between electrodes becomes fully tkplat less than
10 V, and then the depletion progresses towardsdok contact like in the planar devices. The lgaka
currents are low and the breakdown voltage is légbugh to safely operate the detectors. The CCE
measurements show that all charge is collectedamita25 V for a detector thickness of 30®. These
devices are a good alternative to conventional grlatetectors for experiments that do not need & fas
response.

A second design, closer to the ideal 3D detecsathé double-sided detector, where the columngtated
from opposite sides of the wafer. Electrical siniolas show that the whole volume of the silicorfuly
depleted at 10 V and that charge collection is fivees faster than in planar detectors. Technosdgic
simulations and test runs have been used to omtirthe hole etching and doping technology. The
fabrication of the first set of double-sided 3D iteg is ongoing.
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