ALD H:-sensor for in-sensor computing crossbar array
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H2 sensing mechanism in TiO;

Obtaining high quality TiO, thin films with nanocrystalline morphology resulting in dense grain-boundary network is essential for high sensitivity towards H,.
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a) The illustration of general hydrogen sensing mechanism
(lonosorption model) of TiO, based sensors for layers with
grain boundaries. Oxygen adsorbed on grain boundaries
captures free electrons from the conduction band which
results in increased resistance. Hydrogen exposure leads to
a reaction with ionized oxygen releasing the captured
electrons hence decreasing the resistance of TiO,.

b) Sketch of the conduction band profile. Here
Ec is the flat band energy, eV is the Schottky
barrier, eV is the intergrain energy barrier due
to the electron depletion, r, is the grain radius,
and mn is the radius of the neutral (undepleted)
grain region. For good sensing, it is desired to
I < ryand eV < eV,

) Sandwich-type TiO, thin-film H, gas
sensor implementation. The  top
electrode/TiO, interface is the most
sensitive region for hydrogen sensing.
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« thickness control at the Angstrom level, using ALD cycles

+ low temperature deposition process, typically 100 — 300 °C

+ exceptional conformality even on structures with complex morphology,
like deep trenches, micro- and nano-pores, nano-tubes

« ALAM allows for direct ALD writing and rastering, wnhou( mhography

+ ALAM can use TTIP precursor for TiO, with both H,0 and O, reactants
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No need to transfer data to compute.

Characterization

Two types of TiN (Titanium Nitride)

forward and reverse currents. They
have Schottky response due to the
layers of insulator and metal.
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Annealing the devices in_different
gases can change the devices
resistivity behavior due the reaction of
gas with TiO,.

- FG: Increases the conductivity
reaction of H and Oz.

- 02: Increases the conductivity
TE border's Oxidation

- N2: Doesn't react with sample

- Current changes: pA to mA
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Different conditions of TiN and TiO,

have been deposited using RF deposition have different effects on
sputtering in different conditions. the device behavior.

Brown and Gold (we named them

after their colors). Then different - Resistivity

thicknesses of TiO; layer were

deposited using the ALD system. - Slope

Each has different properties in - Breakdown

- Number of defected devices.

Annealing conditions can also affect:
- Stability
- Breakdown voltages.

Temperature has an optimum effect
in the range of 180°C to 250°C

. removes the moisture. 2
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IV measurement of the sensor in the
presence of H; at high concentration. T T a3k Fagon 4 me70] {100 Sensing behavior of the device

in the presence of H; gas.

) . & -Resistivity changes:
- H; Concentration: 0 to 10000 ppm § H 100kQ - 10MQ
- Room temperature: 30c® ] £ . H, Concentration:
- Input voltage: -1v to +1v H % 010100 ppm

- Room temperature

- Input voltage: 0.5v
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X-ray diffraction

Polycrystalline TiO, thin films were obtained using ALD temperatures at 2 250 °C, both on Si test substrate (left) and on Pt bottom electrodes (right).
Figures depict grazing-incidence X-ray diffraction (GI-XRD) spectra for TTIP + H,O process, equal results were obtained for TTIP + O, (not shown).
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a) GI-XRD of TTIP+H,0 ALD TiO, films at different deposition temperatures on a) Si substrates, b) 30 nm Pt-on-Si substrates.
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Stept:
Fabrication of  individual
devices with different areas,
Thicknesses, and shapes.
using  ALD  deposition
system and ~lithography.
Measuring the IV response
and the diode (Schottky)
behavior of the devices.

Step2

Single crossbar fabrication,
line crossbars, and IV
measurement  of  their
responses 1o the H2 gas in
different concentrations and
temperatures, Using ALD
deposition and lithography.

Fabrlcatlon Method

Step3:

Fabrication of 16x16 line
crossbar array using ALD
and Lithography to see the
behavior of the crossbar
arrays of H; sensors on

different ~ areas  and
thicknesss ~ of the
electrodes.

Step4:

After the wire bonding, we
will measure the behavior of
the crossbar array using
continuous and pulse mode
methods to find the working
condition of crossbar for a
harti-coded sensor device.

Steps:

The goal is to rebuild and alter
the crossbar aray using a
unique and new fabrication
method called ALAM (atomic
layer additive manufacturing) to
fabricate a crossbar device with

different  thicknesses  and
shapes individually on the same
substrate and a single-step

fabrication process.
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Readout circuit:
- A circuit to identify the behavior of the crossbar array of sensors.
- Capability to generate input voltages simultaneously and in

ually.

- Can generate signals in the negative and positive domains.

- A processor to compute, generate, manage the system and algorithm. (MCU)
- A unit to convert digital data to analog signals. (DAC - Digital Pot)

- An analog switch to send the signal into the parallel bus. (MUX)

- Units of voltage follower to sample signal and supply the crossbar. (OpAmp)
- Precise pA amplifier units to sample and amplify the output. (OpAmp)

- An analog switch to receive the signals from the parallel bus. (MUX)

- A unit to convert the output signals into digital value. (ADC)
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Summary & Key points

- The goal of this work was to study whether thin TiO; films deposited by ALD can be used for hydrogen sensors.
with the aim to utilize atomic-layer 3D printing (ALAM) for the fabrication of these sensors in the next phase of
the ATOSENS project.

- For high sensitivity towards H, gas, TiO; thin film with a nanocrystalline morphology and dense grain-boundary
network is required.

- Physical properties such as thickness and area can change the behavior or sensing device and by using these
factors, different crossbar arrays have been fabricated using the common methods. (Lithography, ALD, PVD)

- Electrical measurement shows that TiO, deposition conditions, Top and bottom electrode material, and
annealing conditions have a great impact on the behavior of the devices.

- Response ((Ra
and H,0.

i~Ru2)/Riz2) of ~10° was recorded at room temperature for 20 nm thick ALD films made using TTIP

- By finding the right area, thickness, and position of each device in the crossbar array using simulation, a
desirable layout capable of measuring and computing can be generated.

- Using the Atomic Layer 3D printer, there is a possibility to fabricate the generated layout with different
thicknesses, areas, and deposition conditions on a crossbar array chip in a single run without the need for
lithography masks, deposition, and etching.
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