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3D pixel sensors aimed at the upgrades of the ATLAS and CMS experiments at the High
Luminosity LHC have small pixel size and pretty dense layouts. In addition, modified 3D
designs with small pixel size and trenched electrodes in place of columnar electrodes are
being developed to optimize the pixel timing performance in view of the LHCb upgrade.
The fabrication of these advanced 3D pixels is challenging from the lithographical point of
view. This motivated the use of stepper lithography at Fondazione Bruno Kessler in place of
a standard mask aligner. The small minimum feature size and high alignment accuracy
of stepper allow a good definition of the sensor geometries also in the most critical layouts,
so that a higher fabrication yield can be obtained. In this paper, we will present the main
design and technological issues and discuss their impact on the electrical characteristics of
3D pixel sensors of different geometries.

Keywords: 3D silicon detectors, stepper, electrical characterisation, fabrication yield, fabrication process

INTRODUCTION

First proposed by S. Parker and collaborators in the mid 1990’s [1], 3D pixel sensors have reached
their maturity and are nowadays accepted as the most radiation-hard solution for charged particle
tracking in High Energy Physics (HEP) [2]. In order to cope with the increasingly demanding
specifications of HEP experiments, 3D pixels have gradually evolved in their design and fabrication
technology, experiencing a significant downscale of their geometrical dimensions. In the earlier
prototypes the columnar electrodes had ~20 pum diameter and ~100 um distance [3]; these values
roughly halved in 2010 in 3D sensors for the ATLAS Insertable B Layer (IBL) [4], and are now as
small as ~5 and ~30 um, respectively, for the most recent devices aimed at the ATLAS and CMS
detector upgrades at the High Luminosity (HL) LHC [5]. In addition, modified 3D designs involving
small pixel cells with trenched electrodes have been recently proposed to improve the electric field
and weighting field distributions in the active volume, that are essential ingredients for the
optimization of timing performance, as required for the future LHCDb detector upgrade [6].

As a result, the fabrication of 3D pixels is becoming more challenging, not only for the etching of
vertical electrodes, which relies on the Deep Reactive Ion Etching (DRIE) process, but also from the
lithographical point of view, with pretty dense layouts calling for small minimum feature sizes and
high alignment accuracy. In these conditions, mask aligners, which have been the workhorse for
radiation sensor fabrication in most laboratories for decades, show some clear limitations in their
performance, with detrimental effects on the device quality and on the production yield. This
motivated the choice to switch to a step and repeat lithography equipment (so called stepper) for the
development of the latest generations of 3D pixels at Fondazione Bruno Kessler (FBK), Trento, Italy.
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In this paper, we will present the main design and
technological issues of these advanced 3D pixels, and discuss
in particular the impact of the lithography on the electrical
characteristics of different 3D pixels. Results relevant to small-
pitch 3D pixels with columnar electrodes and to the first
prototypes of 3D pixels with trenched electrodes will be
reported. The comparison between the fabrication yield of
devices obtained with mask aligner and stepper emphasizes
the advantages provided by the latter in case of very dense layouts.

MATERIALS AND METHODS

This section includes a description of the devices and of their
fabrication process, with emphasis on the aspects relevant to
lithography. Also, the measurement setup used for the electrical
characterization is presented.

Device Description

Technology Overview

3D pixel sensors from the previous generation, e.g., those installed
in the ATLAS IBL, have a pixel size of 50 x 250 yum?, and an active
substrate thickness of 230 pm [4]. In comparison, the new ones
oriented to the HL-LHC upgrades have to cope with much more
challenging requirements in terms of occupancy, with an
expected event pile-up of ~200 events/bunch crossing, and
radiation hardness, with an expected maximum fluence for the
innermost pixel layers of ~2 x 10'° n./cm”. To address these
issues, smaller pitches and thinner active substrates are required.
In particular, for the ATLAS and CMS tracker upgrades, the
active thickness was reduced to 150 um. Processing such thin
wafers with a double-sided technology like that used for the IBL
production [7] would cause major problems with the mechanical
yield due wafer fragility, as well as high bow, that would hinder
the feasibility of the bump bonding process. In particular, the
fabrication line at FBK was upgraded in 2014 to process wafers of
6-inch diameter, for which the minimum processable thickness is
300 um. Hence, it was necessary to adopt an alternative single-
sided technology with a support wafer to improve the mechanical
stability [5].

Figure 1 shows the schematic cross-section of a 3D pixel
developed at FBK with such an approach. The starting material is
a p-type, high-resistivity (Float Zone) wafer of the desired
thickness (130 and 150 pm were used for the batches reported
in this paper) directly bonded to a p-type, low-resistivity, 500 pm
thick support. As an alternative to these so-called Si-Si substrates,
also Silicon On Insulator (SOI) substrates, with a 200-nm thick
bonding oxide, were used in the R&D phase.

The device processing is made entirely from the front-side.
After initial oxidation and implantation of the p-spray surface
insulating layer, the p+ (bias) columns are etched with a depth
enabling to penetrate into the support wafer, also etching
through the bonding oxide in case of SOI wafers [8], so that
the bias can be applied from the back side. Next, the n+
(readout) columns are etched stopping at a safety distance of
about 25 um from the support wafer, in order to avoid early
breakdown [9]. Both types of columns are doped by thermal
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FIGURE 1 | Schematic cross-section of 3D small-pitch pixels made at
FBK on Si-Si substrates with a single-sided technology (not to scale).
The same process is also used for 3D trenched electrodes.

diffusion and filled (at least partially) with poly-Si, also leaving
small poly-Si extrusions at the column opening (so called
“caps”). Several layers of tetra-ethyl-ortho-silicate (TEOS)
oxide are deposited to protect the column openings. Contact
holes are etched through the upper TEOS layer to make contacts
between the metal and the readout column on the poly-Si caps
(this is not required for the bias columns that are biased from
the back side). An oxide-nitride passivation layer is deposited
over the metal, and openings for the bump bonding pads are
defined. A temporary metal layer is finally deposited to allow for
electrical tests on the pixels, and is removed afterward (more
details on the temporary metal are found in “Electrical
Measurement Setup” section).

The same technological approach was adopted at FBK for the
fabrication of 3D pixels with trenched electrodes on Si-Si
substrates, with proper tailoring of the DRIE etching recipes as
required by the different geometries of trenched electrodes.

Small-Pitch 3D Pixel Layout

In view of the ATLAS and CMS detector upgrades at the HL-
LHC, a new readout chip (ROC) has been developed by the CERN
RD53 Collaboration in 65 nm CMOS technology [10]. The first
prototype of this ROC, called RD53A, has 400 x 192 pixels, with a
total active area of 1.92 ¢cm®. The final versions, that will be
different for ATLAS and CMS applications, will be roughly twice
as large. Two small-pitch 3D pixel sizes compatible with the
RD53A chip, namely 50 x 50 um* and 25 x 100 um?, have been
fabricated by all the 3D processing facilities (CNM in Barcelona,
Spain; FBK in Trento, Italy; SINTEF in Oslo, Norway) in the R&D
phase and qualified for the final production [11]. Both pixel
geometries will finally be used to instrument different regions (50
x 50 um” in the flat barrel, and 25 x 100 um” in the rings) of the
innermost pixel layer (Layer 0) of the new ATLAS Tracking
System (ITk). For the CMS tracker upgrade, these 3D pixels are
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FIGURE 2 | Conceptual design of small-pitch 3D pixels for the ATLAS and CMS upgrades at HL-LHC, also indicating the values of the inter-electrode distance L.
(A) 50 x 50-1E; (B) 25 x 100-1E; (C) 25 x 100-2E.

still among the options under consideration, but a final decision
has not yet been made.

The sketches of different pixels and electrode configurations
are shown in Figure 2. The 50 x 50 um” 3D pixel of Figure 2A
was designed only in a version with one readout electrode at the
center of a cell (50 x 50—1E). In fact, the inter-electrode distance
(L) is about 35.4 pm, small enough to effectively counteract
charge trapping effects [12], so as to ensure a high radiation
tolerance even after the maximum radiation fluences expected in
HL-LHC applications. On the contrary, two versions were
designed for the 25 x 100 um®* pixels, featuring either one (25
x 100—1E) or two (25 x 100—2E) readout electrodes: the former
(Figure 2B) has L ~ 51.5 um, a not so small value that was initially
not considered safe from the radiation resistance point of view
(but it was later demonstrated to be good enough); the latter
(Figure 2C), owing to a much shorter L ~ 28 pm, would certainly
be more radiation hard, but this would come at the expense of a
higher capacitance [11], besides the technological complications
that will be detailed in the following.

Passing from the conceptual designs of Figure 2 to real layouts
introduces some constraints. In this respect, the single-sided
fabrication approach is less flexible than the double-sided one,
since geometrical details (minimum size, minimum distance,
minimum overlap, ... ) of all layers should be patterned on
the front-side only. Depending on the layout rules, which are
mainly affected by the lithography equipment, the pixel layout
can become critical.

Figure 3 shows the layouts designed for stepper lithography,
i.e., with more aggressive layout rules. In case of the 50 x 50-1E
pixel of Figure 3A, the layout is in fact quite straightforward, also
considering that the RD53A has exactly a 50 x 50 um? footprint for
the bump bonding pads. The layout is not dense, provided the
column diameter (5 pm for the readout columns, 6 um for the bias
columns, representative of FBK technology) is small enough. In
particular, the bump bonding pad, despite its non-negligible size
(12—pm diameter in the passivation opening), can be easily placed
on any side of the readout column. Note that the alternative option
to place bumps just on top of the readout columns, that would be
appealing in several respects, was also successfully tested, but it
was not deemed safe enough for the yield of the bump bonding

process due to the non-flat surface topography at the column
opening. For the 25 x 100-1E pixel (Figure 3B), the layout is
slightly more complex, because the bump bonding pads should
be placed on a 50 x 50 um? grid compatible with the footprint of
the ROC. This creates an asymmetry between even and odd
pixel rows, but the layout density is anyway low enough. On the
contrary, the layout of the 25 x 100-2E pixel (Figure 3C) is
more critical, as evident from its higher density. In particular,
the very small distance between the bump pad and the poly-Si
cap of bias columns can be a major risk for micro-discharges
leading to early breakdown. In the layouts of Figure 3A-B-C
the contact between metal and poly-Si on the readout column is
made around the column opening with a ring shape. Different
layout solutions were also tested for the 25 x 100-2E pixels,
featuring the so called “ears”. In the “ear” layouts, contacts
between metal and poly-Si are offset with respect to the readout
columns. Both a vertical offset (Figure 3D) and a horizontal
offset (Figure 3E) were implemented.

Note that for all pixel types a slim-edge (150-um wide,
compliant with the ATLAS ITk specification) termination was
designed, based on multiple rows of bias columns that ensure the
confinement of the depletion region spreading from the
outermost junction columns within a short distance, so that it
does not reach the highly damaged cut region [4].

Trenched 3D Pixels Layout
In the past few years, many R&D efforts have been devoted to the
development of high-resolution timing detectors as a solution to
the problem of high-track density in the detectors of future
experiments at particle colliders. While for HL-LHC
applications dedicated timing layers, e.g. based on LGAD
sensors, will be added to the ATLAS and CMS detectors [13],
for experiments at future colliders, e.g., LHCb and FCC, space
and time measurements should be combined in a single device
[6]. Small-pitch 3D pixels have been shown to offer good timing
resolution, but their ultimate performance is limited by the spatial
non-uniformity of the electric and weighting fields within a pixel,
limiting the timing resolution [14].

To overcome this problem, inspired by the original idea of S.
Parker [15], we have started the development of 3D pixel sensors
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FIGURE 3 | Layout of small-pitch 3D pixels for the ATLAS and CMS upgrades at HL-LHC (two adjacent pixels are shown in each slice). (A) 50 x 50-1E;
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with trenched electrodes, which promise to offer outstanding
timing performance while retaining all other advantages of 3D
sensors, like radiation hardness [16-18]. Having in mind the
LHCb upgrade as an application, in order to be compatible with
the readout chips of the MEDIPIX/TIMEPIX family [19] for the
first tests, a pixel size of 55 x 55 um was chosen. Figure 4 shows
the conceptual design of a pixel, and its corresponding layout.
Although the pixel size is slightly bigger than that of Figure 3a,
the layout is much denser. In particular, a critical aspect is
represented by the need for the bump pad not to overlap the
readout trench, where the surface is not flat, so that the distance
between the pad and the poly-Si cap along the bias trench is small.
This motivated the use of stepper lithography from the first batch.
Note that for in these trenched 3D pixels an active-edge
termination is available [2].

3D Sensor Batches at FBK

FBK has so far fabricated three batches of 3D pixel sensors
oriented to the HL-LHC upgrades, all made on 6-inch

diameter wafers, while two other batches are under way. The
first batch, completed in 2015, allowed to assess the fabrication
process with promising results: the RD53A chip was not yet
available at that time, so the wafer layout included sensors
compatible with the ATLAS FEI4 and CMS PSI46dig ROCs,
and many test structures [20]. In the second batch, 3D pixel
sensors compatible with the RD53A readout chip were fabricated
for the first time, with a wafer layout still including several ATLAS
FEI4 and CMS PSI46dig compatible sensors [21]. Both the first
two batches were made using mask aligner lithography. Since the
electrical yield obtained for the 25 x 100—2E pixels in batch 2 was
not satisfactory, it was decided to use the stepper lithography in
batch 3, with a wafer layout entirely dedicated to 3D pixels
compatible with the RD53A ROC and test structures.

Figure 5 shows the photographs of two processed wafers from
batch 2 and batch 3, whereas Table 1 summarizes the main
information on the two batches. Note that both Si-Si and SOI
wafers of 130 pm active thickness were used in batch 2, whereas
Si-Si of 150 um active thickness (the substrate of choice for the
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A Batch 2 (Mask Aligner)

in a wafer from batch 3.

FIGURE 5 | Photograph of processed wafers from batch 2 (left) and batch 3 (right): 18 RD53A-compabile sensors are present in a wafer from batch 2, 47 of them

B Batch 3 (Stepper)

TABLE 1 | Overview of FBK 3D small-pitch pixel batches 2 and 3 aimed at ATLAS and CMS upgrades at HL-LHC.

Batch # Lithography Wafer type Number of
equipment wafers
2 Mask Aligner Si-Si 5
SOl 5
3 Stepper Si-Si 8

innermost layers of both the ATLAS and CMS trackers at HL-
LHC) were used in batch 3.

Leveraging the experience on small-pitch 3D pixels and planar
active-edge sensors [22, 23], FBK has fabricated one batch of
trenched 3D pixels in 2019 within the INFN TIMESPOT project
[6]. The batch was made on 6-inch diameter wafers of the same
type as those used for the previously mentioned batch 3, with 150-
pm active layer thickness. Being this the first prototype batch,
many different pixel layouts, differing both in the trench
dimensions and the surface layers design, were implemented,
along with a number of process splits to test the most critical
process steps. In this case, the reticle included full structures to be
exposed in a single shot. Since trenched electrodes are causing a
larger bow of the wafers as compared to columnar electrodes, it
was also decided to keep the number of dies limited, with wide
regions of non-etched silicon in between, so as to maximize the
mechanical yield [18].

Mask Aligner vs Stepper Lithography

Mask aligners are the simplest and most widely used lithography
equipment in radiation detector technologies. The related masks
include entire wafer layouts, that are exposed in one single shot
on a wafer. The mask is normally kept at a distance (proximity
gap, g) of a few tens of micrometers from the wafer, operating in
the so-called proximity mode lithography. By doing so, the
minimum resolution that can be achieved is W,,;, = \//TE
where A is the wavelength of the UV or deep-UV lamp:
typical values of W,;, are a few micrometers [24]. Better

Active thickness

Number of RD53A-compatible sensors per wafer

(um) 50 x 50— 25 x 100- 25 x 100- TOT
1E 1E 2E
8 3 7 18
13 10 24 47

resolution can be achieved by placing the mask in direct
contact with the wafer, at the expense of a higher probability
of inducing defects from wafer to wafer due to the direct contact
with the mask. The alignment accuracy is of the order of a few
micrometers. These figures are normally adequate for most
radiation sensor designs, where the minimum feature sizes are
not very small. In particular, a mask aligner has been used at FBK
for 3D sensor fabrication since 2005, also exploiting the double-
side alignment system for double-sided 3D sensor technologies.

Nevertheless, as can be seen in Figure 3C-E, the layout of the
new 25 x 100-2E 3D pixels is really dense and involves very small
feature sizes, in particular for the minimum distance between the
bump bonding pad and the bias columns. Its fabrication requires
a resolution and an alignment accuracy that a mask aligner
cannot achieve with good process reliability, calling for a
better lithography equipment. At FBK a stepper is available
having a minimum feature size of 350 nm and an alignment
accuracy of 80 nm, good enough for the considered geometries. It
was therefore possible to use it in order to assess the feasibility of
fabricating 3D pixels with such a critical layout in view of a
possible production.

In a stepper mask, called reticle, the device dimensions are
magnified (e.g., 5X) and a complex optical focusing system is used
to project the reticle image to wafer level [24]. The big distance
between reticle and wafer eliminates the defects caused by the
small gap or the direct contact between the mask and the wafer in
a mask aligner. A related advantage is that the optical inspection
of wafers after each lithography, which is normally a very
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important and time-consuming step for operators with mask
aligners, can be greatly simplified with stepper.

In 3D sensor technology, one peculiar aspect is the use of thick
photoresist layers to serve also as a masking material (on top of
the oxide) during the Deep Reactive Ion Etching process. A thick
photoresist degrades the lithography resolution with mask
aligner. With stepper, the depth of focus can be controlled, so
that the desired resolution can be achieved at the interface
between photoresist and oxide, thus allowing for a better
definition of the columnar electrode openings.

One drawback with stepper lithography is the limited
maximum exposure area, of the order of 4 cm® for the FBK
equipment, which requires stitching in case larger detectors are
needed. Although not strictly necessary, stitching was successfully
tested in batch 3 at FBK. In fact, two RD53A-compatible sensors
would fit into a reticle, but the goal was to fabricate all the
different pixel geometries shown in Figure 3. This could have
been achieved using several different reticles, each one containing
two RD53A-compatible sensor designs. As an alternative, the
strategy outlined in Figure 6 was used. Reticle layouts were
divided in 16 relatively small blocks of the same size (~5 x
5mm” at wafer level), each corresponding to one specific layer
relevant to either an array of 96 x 100 pixels (i.e., one eighth of a
RD53A-compatible sensor) or a group of test structures. Each
block was selected individually using blades, and printed on wafer
according to a pre-defined regular grid footprint. In particular,
each layer of a block of 96 x 100 pixels was printed 2 x 4 times to
build a full-size RD53A sensor (step and repeat operation);
moreover, a frame structure containing a slim-edge
termination and the cut lines, included in a different reticle,
was printed around. The stepper was programmed to obtain a
wafer layout comprising 47 pixel sensors and several blocks of test
structures at the periphery (see Figure 5B). By doing so, the
number of reticles was largely reduced, at the expense of a
complication in the stepper programming, with a very high
number of “step and repeat” operations. During batch 3, this
sometimes caused an accidental malfunctioning of the stepper, so
that the lithography of some layers had to be repeated several
times. As a result, the quality of the batch 3 was finally not as good

as potentially achievable with a stepper. Nevertheless, the
advantages in terms of resolution and alignment accuracy
were evident.

As can be seen in Figure 7, a much better control of the 25 x
100- 2E pixel geometry is achieved by stepper lithography with
respect to mask aligner. With mask aligner (Figure 7A, also
showing temporary metal) the metal is not well aligned with
respect to the columnar electrodes; in particular, in the region of
the bump pads, the metal is too close and sometimes overlaps the
poly-Si cap of the p* column, so that the entire bias voltage drops
on a relatively thin TEOS layer, with major risk of shorts due to
the non-ideal step coverage of the TEOS layer at the edge of the
poly-Si cap. With stepper (Figure 7B), more aggressive layout
rules can be used and be preserved in the real device
implementation: in particular, it can be seen that the metal of
the bump pad remains at a safety distance from the poly-Si cap of
the p* columns.

The very good pattern definition and alignment accuracy
achieved with stepper lithography can also be appreciated
from Figure 8, where a Scanning Electron Microscope (SEM)
image of the 25 x 100- 2E pixels of Figure 3D (version with
vertical ear) is shown. All layout details are preserved: in
particular, in the critical region of bump pads all structures
are clearly separated.

The superior quality of stepper lithography was also
fundamental to successfully fabricate trenched 3D pixels at the
first attempt. A SEM micrograph of a group of pixels of the type
shown in Figure 4 is reported in Figure 9, showing details of the
trenches and of surface topography: in particular, it can be seen that
the bump pads (shorted by temporary metal in the picture) are well
separated from the poly-Si cap at the opening of the bias trench.

Electrical Measurement Setup

Pixel sensors were electrically tested at wafer level, at room
temperature and in dark conditions, using an automatic probe
station with dedicated probe cards. To this purpose, the testing
method originally developed for the IBL 3D pixels [4, 7] has been
used. A layer of temporary metal is deposited over the passivation
and patterned in strips; each strip contacts many pixels through
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FIGURE 7 | Layout details and micrographs of 25 x 100-2E 3D pixels fabricated at FBK with (A) mask aligner (also showing temporary metal strips), and
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FIGURE 8 | SEM micrograph of a 25 x 100-2E 3D pixel (layout version of
Figure 3D) fabricated at FBK with stepper lithography.

the bump pad openings, shorting them to a common probe pad.
Groups of strips are routed to the same probe pad and their
current-voltage (I-V) curves are measured in parallel up to 50 V
reverse bias. In batch 2, 8 strips of 192 pixels (1,536 pixels,
3.84 mm” area) were measured in parallel; in batch 3, where the
number of RD53A sensors is much bigger, in order to reduce the
total measurement time, 20 strips of 192 pixels (3,840 pixels,
9.60 mm? area) were measured in parallel. It should be noted that
the measured currents overestimate the true pixel currents,
because of the additional surface current contribution (MOS
effect) caused by the temporary metal [7].

The total current of a sensor is then obtained by summing all
the strip currents, and sensors are sorted according to the leakage
current specifications for the ITk 3D pixels, which are here
summarized:

e depletion voltage V<10V

e breakdown voltage larger than the operation voltage V,, =
Vdepl+20 \%

e leakage current at operation voltage I(V,,) < 2.5 uA/cm?’,

SEM HV: 10.0 kV
View field: 102 ym

WD: 11.60 mm

Lovalord

Det: SE 20 pm
SEM MAG: 2.72 kx  Date(m/d/y): 10/29/19

VEGA3 TESCAN

FBK Micro-nano Facility

FIGURE 9 | SEM micrograph of a group of trenched 3D pixels (see
layout in Figure 4) from the first batch fabricated at FBK with stepper
lithography.

The depletion voltage is measured from the capacitance-
voltage curves of test diodes, and is very low (<3 V). However,
as a worst-case condition, the upper limit for depletion voltage
was considered, setting V,, at 30 V and comparing the relative
current to the specification threshold. Note that if the current
respects the specification, also the breakdown voltage condition is
practically assessed.

RESULTS
Small-Pitch 3D Pixels

An example of the I-V curves measured with temporary metal on
the 20 strips of pixels (3,840 pixels in each strip) in a 25 x 100-2E
sensor from wafer 38 of batch 3 is shown in Figure 10A. While
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FIGURE 10 | I-V curves of 25 x 100-2E 3D pixels from batch 3: (A) currents of all strips (3,840 pixels each) in an individual sensor, and (B) total currents of all
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FIGURE 11 | Distributions of leakage current at 30 V reverse bias in all 3D strips (1,540 pixels each) from (A) SOI wafers, and (B) Si-Si wafers of batch 2.
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this sensor is certainly good, with a total current below 600 nA at
30 V, anon-negligible dispersion of the strip current values can be
observed, that is usually measured for 3D technologies [4, 7]. The
sum of the 20 strips I-V curves gives then the total sensor I-V
curves, as shown in Figure 10B for all the 25 x 100-2E sensors of
the considered wafer. It can be seen that about one half of these
sensors are functional with low leakage currents and breakdown
voltage larger than 50 V (the maximum bias applied in the test),
whereas the others either show early breakdown or a smooth raise
in the curves finally leading to high leakage values.

In order to have a comprehensive overview of the results,
Figure 11 (for batch 2, and distinguishing between the two types
of wafers) and Figure 12 (for batch 3) show the distributions of all
the strips currents measured at a reverse bias of 30 V. The
distributions show several peaks at different leakage current
values: the peaks at low leakage currents are mainly to be
ascribed to fluctuations from wafer to wafer, and sometimes
also within single sensors, whereas the peaks at high leakage
currents are due to process defects. As a reference, the
specification on the leakage current at the operation voltage
I(Vop) < 2.5 pA/cm2, when scaled to the area covered by each
strip, corresponds to an upper limit of 96 nA for batch 2 and
240 nA for batch 3. These values are indicated with vertical
dashed lines in Figures 11, 12. It can be seen that most of the
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FIGURE 12 | Distributions of leakage current at 30 V reverse bias in all
3D strips (3,840 pixels each) from all wafers of batch 3.

strips of 50 x 50-1E and 25 x 100-1E pixels have leakage currents
well below the specification both in batch 2 and in batch 3, with
remarkably low values which, after normalization to the number
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TABLE 2 | Summary of the wafer electrical yield for all RD53A-compatible 3D pixel sensors from batches 2 and 3.

Batch # Lithography equipment Wafer type Wafer yield (%) for RD53A-compatible sensors
Average/Minimum/Maximum
50 x 50-1E 25 x 100-1E 25 x 100-2E
2 Mask Aligner Si-Si 60.0/12.5/100.0 60.0/0.0/100.0 11.4/0.0/28.6
SOl 67.5/50.0/75.0 60.0/33.3/100.0 25.7/14.3/42.9
All 63.7/12.5/100.0 60.0/0.0/100.0 18.6/0.0/42.9
3 Stepper Si-Si 58.2/38.5/84.6 62.9/30.0/80.0 38.1/8.33/66.7

Average, minimum and maximum values are reported.
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FIGURE 13| (A) I-V curves of all 3D- Trenched-Electrode pixel sensors in a die, and (B) distribution of total leakage current at 50 V. Data refer to arrays of 18 x 18
pixels in Wafer 2,249 from the first batch.

of pixels, range from a fraction of 1 pA to a few tens of pA per ~ 3C-E. While confirming that the 25 x 100-2E geometry is

pixel. As a result, the yield of these two geometries for full sensors  the most critical, this result is promising and suggests that, in

is expected to be good enough. Conversely, it can be seen that the ~ case of an optimized reticle design, also the fabrication of this

strips of 25 x 100-2E pixels strips have on average higher leakage =~ pixel geometry would be feasible at FBK with an

currents. This is consistent with the larger electric fields duetothe ~ acceptable yield.

smaller inter-electrode distance, as also reported from CNM [25].

Most important, a significant fraction of the 25 x 100-2E strips  Trenched 3D Pixels

have currents above the specification in batch 2 and, to a lesser =~ The electrical characteristics of the first prototypes of trenched

extent, in batch 3, with obvious impact on the yield for this = 3D pixels are good. As an example, Figure 13A shows the I-V

geometry. curves of all pixel sensors (18 x 18 pixel arrays) in a die from
Table 2 summarizes the wafer electrical yield of all RD53A-  Wafer 2,249, whereas Figure 13B shows the distribution of the

compatible sensors from both batch 2 (for different wafer types  leakage current at 50 V bias for all the pixel sensors of the

and overall) and batch 3. For each sensor geometry, the data  considered wafer. Most sensors have leakage current of a few

correspond to the fraction of sensors meeting the leakage  nA, which corresponds to about 10 pA per pixel, a remarkably

current specification on the total number of sensors present  low value. Note that the depletion voltage is only a few Volts,

on a wafer, given in Table 1. The average, minimum and  and the breakdown voltage almost 200 V [17], thus leaving a

maximum values are reported, which reflect relatively wide  wide operational margin to operate the pixels with carrier

wafer-to-wafer non-uniformities. On one hand, comparable  velocity saturation, as requested to enhance the timing

values of the yield with mask aligner and stepper are found  performance. The first measurements performed in a beam

for the two non-critical geometries (50 x 50-1E and 25 x  test on these devices coupled to discrete readout circuits are

100-1E), of the order of 60% on average. This result, similar  in fact very promising, showing a timing resolution of about

to that obtained from selected wafers in the ATLAS IBL 3D 20 ps [6].

pixel production at FBK [4], is good enough considering the

high technological complexity. On the other hand, while

remaining lower than for the other two geometries, the yield CONCLUSION

of 25 x 100-2E pixels roughly doubled in batch 3 as compared

to batch 2, reaching almost 40% on average, with minor  For the development of advanced 3D pixel sensors at FBK, we

differences between the different layouts shown in Figures  have started to use stepper lithography in place of mask aligner to
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profit from the much better definition of critical layout details it
can provide.

Despite the problems occurred during the fabrication of the
first stepper batch (batch 3), due to the choice to accommodate
many design variants and the related complication in the
exposure strategy, the overall results are satisfactory. The
yield for the critical 25 x 100-2E geometry was largely
improved (roughly doubled) with respect to the previous
batch using mask aligner (batch 2), reaching almost 40% on
average. Conversely, the yields for the other non-critical
geometries 50 x 50-1E and 25 x 100-1E remained roughly
the same, about 60% on average, that is good enough
considering the complex fabrication technology of 3D sensors
and the very large density of columnar electrodes involved in
small-pitch designs. These results confirm that stepper is a
viable solution for the production of advanced small-pitch
3D sensors. Two batches of small-pitch 3D sensors are
currently being fabricated at FBK, using a simplified
approach to expose in a single shot the sensors and test
structures present in a reticle, so as to further improve the
yield and the wafer-to-wafer uniformity.

Using the stepper, we have also successfully produced 3D-
Trenched Electrode pixel sensors for the first time, showing very
low leakage current and high breakdown voltage. A second batch
with improved layout is currently being fabricated.
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