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Figure 5. (A) Schematics of a single nanosheet cross-section; (B) Top-view SEM image of the junctionless
nanosheet field-effect transistor (JL NS-FET) structure with 10 nanosheets; (C) Process flow of the
JLUNS-FET.
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(b) Schematic and (c) cross-sectional scanning electron microscope image 400 : Sio
of the GAA SNWFET. The scale is such that the radius of the nanowire . a8 1V,
is 5 nm. 3 :‘5’3 i &
BB C
@ t
2 100 ‘ T in(10) gate
“ sof 2 =
107 %0 50 100 150200250 300 = .
T(K)
46 10%
B Measured > = . gt
A | < 109
4.44 Fitting line 500nm 3 109 ¢ S|02 5102
4.24 | | § E 1010 ¢
= 300nm - e}
g 401 ot W0E p o~ o5v Fig. 5. Cross-sectional schematics depicting the expected relative levels of
= 38 o2 &7 1ol LA TR activation and dopant profile smearing at the source/channel junction under
Ea/ Ip/is ELA . - ar . . . . .
3.64 of 1ty KTASpike the gate for the activation conditions described in this paper, including:
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Fig. 3. Transfer characteristics showing tunneling currents in the p- and n-
1 2 13 _114 :5 ~ L] 17 18 branches for three annealing conditions: (circles) 1000 °C RTA spike anneal,
Kﬂ (mA”V*?) (squares) ELA at an energy fluence of 60 mi/cm?, and (triangles) ELA at the
same conditions followed by a 650 °C LT-RTA step for 5 min. Overlapping I,
1 1 and I's currents indicate the absence of gate leakage. (Insef) Extracted Sayg vs.
Fig. 4. Ry versus K °. The value of K~ is obtained from Fig. 3, and R; T values over 3 orders magnitude change in 15, which demonstrate < factor
is then obtained from (5). The intersection and the (red dotted line) slope of the of 2 variation from 4 to 300 K and much larger Say, values than for the kT'/q
linear fit with the R;-axis gives R.and 6, respectively, behavior (dotted line) expected for thermal emission at lower temperatures.
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Figure 5. (A) Schematics of a single nanosheet cross-section; (B) Top-view SEM image of the junctionless
nanosheet field-effect transistor (JL NS-FET) structure with 10 nanosheets; (C) Process flow of the

JL NS-FET.
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Figure 1. Key process flow diagram and schematics of nickel silicide film.
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. Scalability down to pitch of M3-M4 (L<50nm)

2. Temperature budget of BEOL (380°C)

. Leakage below low-leakage transistor of advanced nodes (<|0pA/um;low
duty cycle in neuromorphic computing => static leakage dominates);

. High uniformity ( amorphous or nano-crystaline)

. Speed ( stage delay <<Ins for buffering data rates of 00M-1G bit/s )

. Bias stability / Reliability
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. Maturity of process technology
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Fig. 1. Chronological timeline of primary developments in the fabrication
process of MoNo03D ICs.
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TABLE 1
A QUALITATIVE COMPARISON BETWEEN 2.5D, TSV-BASED 3D, AND MONOQ3D INTEGRATION TECHNOLOGIES

Monolithic 3D 1§

Integration technology Commercial Availability

CAD tools Design-for-test

NVIDIA and AMD GPUs [3], [4], Xilinx and
INTERPOSER-BASED Intel FPGAs [2], [5], Samsung I-Cube [21],

2.5D TSMC CoWoS and InFO (22], [23].

Existing 2D CAD tools used for die designs.
Chip/package/board co-design for heterogeneous
integration under development [24].

Standardized test-port interface: IEEE 1838
[25], [26].

Commercial fabrication for memory stacking [6],

Various CAD tools developed for 3D design. Standardized test-port interface: IEEE 1838

Chip/package/board co-design for heterogeneous 125]
integration under development [30], [31]. '
Tools that are integrated with existing flows Low cost dual-BIST DfT architecture
[32]-[34] have been proposed, but no standard proposed for MIV-testing but not standardized
CAD flow yet. [35].

[27], Intel’s LakeField processor [28] and
Samsung’s X-Cube [29].
SRAM arrays and CNFET, NVM integration
demonstrated [16], [20]. No commercial
production yet.
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Fig. 3. Thermal maps of the TSV-based 3D and MoNO3D ICs.

Fig. 2. A fully placed and routed 128-point FFT in 45 nm technology using:
(a) conventional 2D, (b) transistor-level MONO3D technology with two layers.
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IV. MICROVIA FORMATION ON 3uM-THICK-ABF

To evaluate the drilling capability of our newly designed
laser processing system, we drilled vias in a uniform grid pattern
with a S-um spacing on the 3-um-thick ABF layer overlaying
copper wiring. The wiring consists of 10-micrometer-wide
stripes, spaced 30 micrometers apart. Fig. 5 shows an optical
microscope (OM) image of the processed microvias. The black
circles correspond to the microvias. The bright horizontal stripes
are the copper layers under the ABF, and the surrounding darker
region cormresponds to the glass substrate. Fig. 6. shows a
scanning electron microscope (SEM) image of these vias. In the
image, vias drilled on copper appear black, whereas those on
glass appear white. The vias are fabricated at a rate exceeding
10,000 per second and are regularly arranged, a capability
enabled by the combination of high-bandwidth, precise galvanic
mirrors with high-power 266-nm picosecond laser pulses. It is
important to note that the uniform pattern of vias was chosen for
demonstration purposes, and via fabrication at arbitrary
positions can be achieved at the same drilling rate. Fig. 7. shows
magnified views of the vias.

Fig. 7. (a) displays an image captured with an electron
detector positioned above, which enables the observation of the
bottom of tiny vias through this elevated viewpoint. This image
clearly demonstrates that our laser processing system can
successfully fabricate vias with a diameter of 3 um. Fig. 7. (b)
shows a cross-section view of the microvias. In the SEM image,
the 10-pm-wide copper wiring appears white, with the ABF
layered over both the glass substrate and the wiring. The ABF
layer on the copper is 3 pm thick, and the image shows slighdy
tapered vias successfully fabricated without damaging the
copper wiring.

3 um-thick ABF
an Cu on glass

6 um-thick ABF
on glass

3 m-thiek ABF
on Cuon glass
6 um-thick ABF
on glass

Fig. 6. Microvias on ABF taken by SEM.

Fig. 7. SEM images of 3 pm microvias with 5 pm pitches, (a) top view, (b) cross-section view.
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Figure 1. Schematic of the PLAE (picosecond laser-assisted etching) process: (a) laser direct writing
followed by (b) thermal treatment and (c) chemical etching in HF (hydrofluoric acid).



> «p ) «ctfier|f{ e

2020 |EEE 70th Electronic Components and Technology Conference (ECTC)

Processing Glass Substrate for Advanced Packaging
using Laser Induced Deep Etching
LPKF Laser & Electronics s | X

Rafael Santos, Jean-Pol Delrue, Norbert Ambrosius, Roman Ostholt, Stephan Schmidi
LPKF Laser & Electronics AG,
Osteriede 7, Garbsen, 30827 Germuny
info@vitrion.com

cracks, leading to the reputation of glass as a brittle material.
Other laser-based glass processing techniques that do not use
ablation as the material removing mechanism, are often limited
to special glasses containing photosensitive additives, which
severely limits the range of available glass properties. Deep
Reactive lon Etching (DRIE) is a gentler process but with
limited capabilities, low selectivity and with very low
throughput, turning glass into an expensive material.

Laser Induced Deep Etching is a two-step process (Fig. 1)
developed by LPKF Laser & Electronics AG, capable of
featuring glass with very high precision, without using masking,
or photolithography. Firstly, a fast laser tool moves rapidly
across the glass substrate and creates modifications in the entire
glass thickness using a single laser pulse per modification. The
very high accuracy of these modifications in two dimensions
makes this process very versatile and with a high freedom-of-
design, enabling the machining of any geometry in various
dimensions and the possibility of including several of these
different geometries in the same substrate. The implementation
of new designs is also simple, due to the fact that it's a
completely digital process, without the need to create or use of
different tools per design layout.

Secondly, the laser-modified glass is wet-etched in a highly
anisotropic way due to the significantly different etch rates
between the modified and non-modified areas. This process
doesn’t require a glass with photosensitive additives and can,
therefore, be used to process effectively any type of silicate-
based glass. By controlling the processing parameters, it is
possible to create very high-aspect ratio features — up to 1:100,

o
y .,»'?f’"

A

Siﬁgle pulse laser
modification of glass wet etching

Highly anisotropic

Fig. 1. Schematic of the Laser Induced Deep Etching (LIDE) process flow for
the machining of Through Glass Vias (TGV)

depending on the glass type -, with different cross-section
geometry, with an accuracy of up to | um, while also controlling
the processing depth (Fig. 2).

As the total energy delivered by the laser to each laser-
illuminated region in the glass is very low, when compared with
other laser-based technologies, it has no detrimental effect on
the properties of glass. Moreover, the subsequent wet etching

Fig 2. SEM mucrographs of cross-section views of LIDE-fabnicated TGVs
with (a) hourglass geometry and aspect-ratio of 1:5, and (b) cylindrical
geometry and aspect-ratio of 1:40. The SEM micrograph (c) shows a top-view
of a high-density amay of TGVs, while (d) shows a closed cavity with a
controlled depth, i.c. not etched through the whole glass thickness.

TGV

GEFOP
RDL

Fig. 3. Schematic of a LIDE-process GEFOP wafer used @ 3 permanent
comy with added fi laty, due to of Through Glass Vias
(TGV) and Integrated Passive Devices (1PD).

step would eliminate any thermally induced stress within the
glass, and other superficial defects such as micro-cracks. The
final result is a defect-free substrate that retains all the properties
of the chosen glass, without a significant increase in the material
cost.

1. ApPLICATION OF LIDE ON FOWLP TECHNOLOGY

A. Glass Embedded Fan-Out Packaging

As mentioned before, glass s a material of great interest for
application in the semiconductor industry, with limited use due
to its high increase of cost and loss of its most interesting
charactenstics during processing. LIDE technology enables the
manufacture of glass mounting wafers with multiple precisely
defined open die-embedding cavities along with Through Glass
Vias (TGV) and Integrated Passive Devices (IPD). This concept

Passive
Devices

Fig. 4. Picture and SEM mucrograph of the LIDE-produced Glass Embedded
Fan-Out Packaging (GEFOP) water with 300 mm diameter

Ommfl 21 D WD

adds multiple functionality to a typically passive material, which
can be used as a core component due to its excellent properties
and low cost, constituting a Glass Embedded Fan-Out
Packaging (GEFOP) wafer.

In this concept, Known Good Die (KGD) are placed in the
GEFOP cavities prior to the EMC molding and curing, after
which it can be used as a normal reconstituted wafer (Fig. 3).
Due to the use of glass as core component, the type of glass can
be selected to reduce the CTE mismatch with that of the EMC.
Therefore, these wafers do not exhibit critical warpage while
retaining all the characteristics of glass with added functionality
due to integration of TGVs and IPDs (Fig 3 and Fig. 4).

While this simple GEFOP concept already shows several
advantages in its use, it still doesn't address one of the main cost
drivers in FOWLP: the die position error during placement and
due to shift during EMC molding.

GEFOP with passive die alignment features

Current solutions for die position errors require complex
equipment for measuring the location and relative angle of each
die, and the active repositioning of each individual one, with
limited accuracy and throughput. During EMC molding, these
errors can be repeated or d, leading to misali
during other critical steps in the process flow — such as RDL
deposition — and ultimately resulting in lower yield.

We propose a solution to die position errors by correcting
such errors during the placement step and by maintaining the die
position during the next steps in the packaging process flow. By
taking advantage of the capabilities of LIDE for the processing
of glass, modified GEFOP wafers were created which include
passive die alignment features in the die cavities, as shown in
Fig. 5. These features lack any defects and act as springs due to
their fibre-like geometry and mechanical properties.

The correction of the die position error occurs by exploiting
the constant application of a mechanical force by the flexible
structures when these are deflected from their initial position.
Glass is normally seen as susceptible to brittle fracture, however,
when glass fibers are free of defects such as micro-cracks it can

Fig. 5, SEM micrograph of a ghass test-dse in a GEFOP cavaty with passive
dse alignment features. The test-die and the GEFOP wafer melude TGVs wsed
in the measurement of the die position accuracy
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