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ABSTRACT. The presented R&D activity is focused on the developmerd néw pixel module
concept for the foreseen upgrades of the ATLAS detectorrisvidne Super LHC employing thin
n-in-p silicon sensors together with a novel vertical in&tigpn technology. A first set of pixel
sensors with active thicknesses oftith and 15Qum has been produced using a thinning technique
developed at the Max-Planck-Institut fur Physik (MPP) dnel MP1 Semiconductor Laboratory
(HLL). Charge Collection Efficiency (CCE) measurementshefse sensors irradiated with 26 MeV
protons up to a particle fluence of @e,cm~2 have been performed, yielding higher values than
expected from the present radiation damage models.

The novel integration technology, developed by the Fraferhimstitut EMFT, consists of
the Solid-Liquid InterDiffusion (SLID) interconnectiomeing an alternative to the standard sol-
der bump-bonding, and Inter-Chip Vias (ICVs) for routingrgls vertically through electronics.
This allows for extracting the digitized signals from thecbkaide of the readout chips, avoiding
wire-bonding cantilevers at the edge of the devices anditltugases the active area fraction. First
interconnections have been performed with wafers comgidaisy chains to investigate the ef-
ficiency of SLID at wafer-to-wafer and chip-to-wafer leveh a second interconnection process
the present ATLAS FE-I3 readout chips were connected to dyusensor wafers at chip-to-wafer
level. Preparations of ICV within the ATLAS readout chips iack side contacting and the future
steps towards a full demonstrator module will be presented.

KEYwWORDS Detector design and construction technologies and nadggéefRadiation-hard detec-
tors; Particle tracking detectors (Solid-state detegtors
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1 Introduction

While the nominal peak luminosity of the present LHC acaaris intended to reach 3tem=2s71,
an upgrade to increase this value is planned to be carrieid autvo phase procesg][ This poses
new challenges especially to tracking detectors in ternradifition tolerance and track discrimi-
nation power. They have to be more radiation tolerant amvabr a higher track discrimination
power. For phase 1, foreseen to start in 2016, a new innepnadtiayer will be mounted on a new
beam pipe and inserted into the present innermost layeedkTthAS pixel detector. For the phase
2 upgrade (HL-LHC), expected to be realized beyond 2020 aadhing a maximum luminosity
of (5—10)-10* cm~2s7%, a completely new ATLAS tracking detector with a reduced imimm
radius is foreseen. The pixel modules for both upgrades tadve very compact, sustain integrated
fluences of several 3Bn.,cm=2 (1 MeV neutron equiv.) after the phase 1 and up thg,cm 2
after the phase 2 upgrade. Their material budget shoulddueee to minimize multiple scattering.
At the Max-Planck-Institut fur Physik (MPP) an new modutincept (figurel) is developed that
aims to fulfill all these requirements as explained in théofeing.

The defects in the semiconductor sensors resulting fromhitje integrated fluence cause
higher leakage currents and reduce the charge collectgiandie to values smaller than standard
sensor thicknesses ¢250— 300) um. This leads to a higher noise contribution and a reduced
charge collection efficiency (CCE). Adjusting the thickned the sensors towards the final ex-
pected collection distance reduces the material budgebamcke multiple scattering without losing
CCE. Furthermore, thin sensors will have a modified eledigid distribution which, at the same
bias voltage, should increase the amount of charge calledter irradiation compared to standard
thickness sensors.

To increase the fraction of active area of the pixel modulekesign employing the novel
vertical integration technology of the EMETs envisaged (see figufg. This technology consists
of the Solid-Liquid InterDiffusion (SLID) interconnectioand Inter-Chip Vias (ICV)2]. The
SLID interconnection in comparison to the standard soldenfrbonding has a lower material
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Figure 1. The MPP module concept using thin n-in-p sensors and thB-8CV vertical integration tech-
nology applied to the present ATLAS readout chip geometryrier to contact the ICV from the chip back
side, the readout electronics are thinned&0— 60) um.

budget, higher flexibility of the contact pad geometries possably lower cost. The ICV that will
be placed into the ATLAS readout electronics (figijeare produced by deep reactive ion etching
of channels through the devices which are subsequentld filieh tungsten. The signal transport
to the readout pads on the back side of the chips gives a vemrpact four side buttable devices.

2 Thin pixel sensors

Using a new wafer thinning technology developed at the MRPHILL the thickness of the pixel
sensors can be adjusted freedy. [A first production of eight n-in-p 6-inch float zone waferghw
active thicknesses of 18n and 15um has been successfully completed on &2k substrate.
The n-in-p material only needs single sided structured ggsing (figurel) and hence gives a
reduction of the needed number of production masks and qaeady the price. This can be done
since the n-in-p sensors will not undergo type-inversiorinduirradiation and always develop the
pn-junction starting from the readout side of the sensors.

On each of the wafers pixel-, strip-, and pad sensors areglathe pixel sensors are com-
patible with the present ATLAS FE-I13 readout chif].[ The strip implant length is 7mm. With
respect to the punch through biasing and the inter-impkoiaiion, the strip sensors are identical
to the pixel sensors. However, next to strip sensors wittich @f 50um also sensors with §0m
pitch are implemented. The pad sensors are used to chéadtss silicon bulk properties.

A first characterization of the n-in-p structures] Wwas carried out before irradiation and
showed a very high device yield (780 for pixel sensors). The measured full depletion voltaige o
pad sensors is around 20V for the®d and 80V for the 150m thin sensors. These values are
also expected from the known resistivity. The maximum felpkbtion voltage for pixel sensors is
always below 120V, i.e. far below the break down voltage&36D— 600) V. The leakage currents
are less than 10nf&n?.

For strip sensors with an @0n pitch the CCE has been measured with the ALIBAVA readout
system ] after irradiation with 26 MeV protons up to a fluence ofliﬁeqcm‘z. The CCE mea-
surement set-up is based 04%r source in combination with a scintillator trigger systefhe
leakage current, increasing linearly with the fluence, iouttes to the shot noise of the system and
degrades the chip output signal linearity. Hence, to keepekage current 5uA, the measure-
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Figure 2. Charge collection efficiencies of irradiated strip seesw a function of the bias voltage. Shown
are the sensors with an active thickness ofiitb(a) and 15@m (b).

ments have been performed at 8or at -46'C. Two not irradiated sensors were used to obtain a
calibration of the expected signal size before irradiafmm/5um and 15Qm thick sensors.

The results of the CCE measurements are shown in figuor each charge measurement
the uncertainty was assumed to be 500 Ehis value has been estimated by various repetitions of
the same measurement using different input parameterkdartalysis. Within uncertainties, the
75um thick sensors can recover the full charge measured befadidtion up to the maximum
fluence of 18°ne,cm 2, when biased at voltages around 750V. The A0thick sensors need
voltages above 800V to achieve a CCE above 70% at a fluencel6fh.,cm 2. At 1400 V the
measured CCE is (8%4)%. The measurements for the 35@ thick sensors irradiated to a fluence
of 106 neqcm2 are still ongoing.

The measurements for both active thicknesses at high dppiées voltages result in a CCE
larger than expected from the calculations based on themuradiation damage model[ This
effect has also been observed by other groups with devicadiated to high fluences and it has
been interpreted as an avalanche multiplication procéasgtalace in the first microns below the
n' electrodes, in the area of highest electric field of the deted7, 8]. Hence, this effect is
observed to be more pronounced in thin sensors,g}e. [

3 SLID interconnection technology

The SLID interconnection technology representing an dtéve to the standard bump-bonding,
is characterized by a very thin eutectic Cu-Sn alloy. To areghe sensor and the readout chip
for SLID, a 100nm thin TiW diffusion barrier is placed on theetallized contact pads. This
has been shown to prevent atoms from thenbcopper layers electroplated on both devices to
diffuse into the silicon 10]. In addition, on one of the two copper layers ar8 thin layer of tin

is applied. To form the connection the two devices are atigi®ought in contact, and heated
at an applied pressure of 5bar to a temperature of ar¢Rad— 320)°C. At this temperature
the tin diffuses into the copper to form the Cu-Sn alloy. Ae thelting point of this alloy is
around 600C multiple layers can be stacked and connected without mgetltie SLID connections
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Figure3. The SLID interconnection applied to the ATLAS FE-I3 pixeldout chip. In (a) the blue rectangle
marks the SLID pads that connect to the sensor pixel cellsa@sehe green rectangle denotes a group of
SLID pads that are used in the area of the end of column logicd@ase the mechanical stability of the
module. A cross section of an FE-13 chip connected to a dunenga is shown in (b). Clearly visible are
the different phases of the Cu-Sn alloy. In this case a velatisalignment of around 30m is visible.

already present. Compared to the bump-bonding technobsgydrocess steps are needed for SLID
supposably resulting in a cost reduction for the detectostraction.

The devices can be connected either wafer-to-wafer ortchipafer. A first production mainly
containing daisy chains has been carried out on two pairsaféns to study the applicability of
the SLID interconnection between the sensor and readocir@bécs for an ATLAS pixel module.
Different SLID pad sizes and pitches as well as deliberafeeifiections in the wafer surfaces were
implemented to explore the limits of the technolodyl]] The imperfections of the silicon surface
are realized by introducing steps in the $i@00nm) or the aluminum (@m) layer below the
SLID interconnection pad. For most of the chains all SLID reections were faultless, and the
SLID measurements yielded overall inefficiencies of lessth02 for most of the tested chains.
In particular, the efficiency for the SLID pad geometry impknted in the thin pixel production,
with dimensions of 27um x 60 um, has been estimated to betH)x 10~4. Within the present
uncertainties, neither the contact size nor the reductfotihe surface planarity severely affect
the performance of the SLID interconnection. Next to thesgahains alignment structures to
optically and electrically measure the pick and place gieni were implemented. From these
a relative misalignment of (5—-10jn was obtained for the connections at wafer-to-wafer level.
At chip-to-wafer level unexpected problems lead to a worsalignment and lower connection
efficiencies. However, these problems are understood gmaie from boundary conditions of this
R&D investigation that will not be present in future prodoos.

In a second interconnection process the present ATLAS Hieddout chips are planned to
be connected to the thin sensors described above. Theogleting of the SLID pads has to be
performed at the wafer level. As a first step for the assembthe@demonstrator pixel modules,
this has already been completed on one FE-I3 wafer and fososavafers, two for each active
thickness. Figuré&(a)shows the SLID pads created on the FE-I3 chip. In the actiea af the
chip the SLID connections establish the electrical contadhe sensor counterpart, whereas in



the end-of-column logic SLID connection are implementethtoease the mechanical stability of
the assembly. The FE-I3 chips have then been singularizédemonfigured onto a 6-inch handle
wafer, according to the location of the pixels in the MPP-Hihin sensor production. A test
assembly has been obtained using one handle wafer popwite&E-I3 chips and one dummy
sensor wafer, where only the first oxide and an aluminum |lagee been deposited. Figudéb)
shows the cross-section of SLID pads in a FE-I3 module ofwrter. Two different phases of
the Cu-Sn alloy are visible, G8ns and CySn, with the latter being the more thermally stable
one. The assembly is affected by a misalignment of aboutl@@+n, due to a rotation of the
chips in the handle wafer with respect to their nominal pasjtmeasured to be in the range of
(0.05-0.3) degrees. The SLID interconnection of the FERIBgto the real thin pixel sensors is in
preparation, with the chip to wafer technique employed atést-assembly.

4 Inter-chip vias

The use of ICVs offers the possibility of extracting the signfrom the back side of the readout
chip. This technique will be applied to the FE-13 readoupshtonnected to the thin pixel sensors.
The foreseen ICV processing for the FE-I3 starts at wafegl iith the etching of the vias on the
chip pads originally designed for wire-bonding, after Ilmviemoved the last aluminum layer. The
positions of the ICVs on the pad are visible in figd(a)as defined by the mask needed for the first
photolitographic step before the etching process. Arohed@Vs a 3um wide trench is designed
to provide an additional isolation of the vias belonging iffedent pads. The cross section of a via
is 3x 10um?, with an initial depth of 6um. They are passivated with tetraethyl orthosilicate and
afterwards filled with tungsten in a chemical vapor depositfiCVD) process. As the FE-13 wafers
have an initial thickness of around 6a6h they have to be thinned down from the back side after the
via filling until the vias are exposed. After the thinning,aditional process step is needed to form
the metal contact pads on the back side. Etching trials heee performed on a test wafer to firstly
determine the optimal dimensions of the vias and secondlpithcess sequence for etching through
the different dielectrics layers of the FE-I3 chip. An SEMtpre of one of these etching trials is
shown in figured(b). The R&D activity will continue with the SLID interconneoti of the FE-13
chips with ICVs to the thin pixel sensors, also in this caseptidg the chip to wafer technique.

5 Conclusion

A first production of thin pixel sensors with an active thieks of 75um and 15Qum has been
completed in view of the ATLAS pixel detector upgrades. Theegical characterization before
and after irradiation shows an excellent behavior in terinieakage currents and operability at
high bias voltages. CCE measurements performed aftelidtiaa show that it is possible to get
the full charge obtained before irradiation in thegiff thick sensors at a fluence of #@ecm 2
and 83% of the charge in the 1g6nh thick sensors at a fluence of 3015neqcm‘2. Thin pixel
sensors are being connected to FE-I3 chips using the SLHDciminection, a possible alternative
to the bump bonding technique. A high interconnection efficy was measured with daisy chain
structures for different pad sizes and pitches. The pixeé@e and chip wafers have been elec-
troplated and a test assembly of real FE-I3 chips with a dursemgor wafer has been completed.
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Figure4. The preparation of ICV in the wire-bonding pads of the FEe&dout chip. A single pad with the
foreseen positions of the ICVs and the isolation trenchrddbhem is given in (a). A slanted cross-section
in the area of the blue rectangle in (a) is shown in (b), expp#ie long dimension of the holes for the vias
and the isolating trenches. The etching reached to a depth td 69um, the red dashed line denotes the
plane up to which the chip needs to be thinned in order to adbesvias from the back side.

The post-processing of the ASIC wafers has started withirgjcnials to determine the optimal
dimensions of the vias and the process sequence.
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