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Abstract:

As industry interest in quantum device fabrication grows, the Cornell Nanoscale Facility (CNF) has expanded
its thin-film deposition capabilities with two AJA International sputtering systems: AJA Q and AJA Q2 [1]. This
report primarily explores Q2, which features confocal sputtering (Nb and Ti targets) and a specialized Dual Off-
Axis (DOA) deposition mode (Ta targets) [See Figure 1]. DOA utilizes two opposing RF plasma sources to deposit
heavy atoms at lower-energy collisions, with added capability for in-chamber IR heating, up to 800°C, to
promote the formation of thermodynamically stable alpha-tantalum (a-Ta) [See Figures 2 and 4]. a-Ta —where
literature defines its range between 15 to 60 pQ-cm [2] — can also form at room temperature when a 5nm Nb
seed layer is deposited before the tantalum deposition, provided chamber pressure (P) approaches 3 mTorr
from the right. The DOA adjustability (x) allows the plasma sources to move in and out of the deposition
chamber, starting arbitrarily outside the chamber and increasing the distance from that point to 150mm. Both
sources are mirrored from one another; thus, their Omm origins are respective. In this study, confocal targets
were tested at five pressures (3, 7, 10, 15, and 20 mTorr), while DOA targets were tested at three pressures (3,
7,and 20 mTorr) and three source distances (50, 75, and 100mm). Heated DOA depositions were performed at
x=75, P=3, at 350°C, 450°C, 600°C, 700°C, 750°C, and 800°C, in addition to x=100, P=3 and P=7, at 750°C.
Characterization was conducted using a variety of CNF tools: P-7 Profilometer for average film thickness, FleXus
Film Stress Measurement for wafer stress, and Filmetrics R50 for resistivity. Ultimately, the data collected from
these characterizations illustrate the effectiveness of AJA Q2, while highlighting its potential for generating a-
Ta crystal structure thin-films for superconducting electronics with observable quantum properties.

Summary of Research:

To characterize heated and Nb seed layer depositions for o-Ta formation, deposition rate (DR), average
thickness, resistivity (p), and film stress (o) were measured for all chamber targets. Due to elemental property
differences, deposition times varied: Ta (1000 s) and Ti (1500 s) from previous AJA sputter tool data, and Nb
(1800 s) estimated from previous Mo deposition data.
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Substrates were MOS-cleaned and BOE-etched before deposition. Three wafers were masked with photoresist,
diced into witness samples, used one at a time for each substrate, and measured at a 6-point average for film
thickness via profilometry following lift-off. DR was calculated as thickness/time, and o from FleXus film stress
measurements [See Figure 3 for the master dataset].

Deposition Rates (DR, nm/s):

o Ti: Decreased with pressure: 0.046 (P=3 mTorr) — 0.022 (P=20 mTorr).
e Nb: Increased with pressure: 0.090 (P=3) = 0.120 (P=20).
e Ta:Increased with both DOA distance (x) and pressure:
o x=50mm: 0.080 (P=3) - 0.210 (P=20)
o x=75mm: 0.180 (P=3) = 0.250 (P=20)
o x=100mm: 0.190 (P=3) — 0.300 (P=20)
Stress (o, MPa):

e Ti: Transitioned from compressive atlow P to tensile at mid P, returning to compressive at high P:
o P=3:-570; P=10: +80; P=20: -250

e Nb: Lowresidual stress at mid P, more compressive at high P:
o P=3:+110; P=10: -10; P=15: -4; P=20: -130

e Ta:Higher xand P reduced compression, often neutralizing o:
o P=3:x=50:-300; x=75: -100; x=100: =900 = 100
o P=7:%x=50:-130;x=75:-50; x=100: +20
o P=20:x=50:-60;x=75:-6; x=100: -10

Resistivity (p, pnQ-cm):

e Ti: Stable (170-320) for P=3-15, spiking at P=20 (590).
e  Nb: ~230 for P=7-20, with large variance at P=3 (18) and P=7 (710).
o Ta: Higher x reduced p, while higher P increased it:

o P=3:x=50:600; x=75: 300; x=100: 210

o P=7:x=50:1400; x=75: 660; x=100: 130

o P=20:x=50: 3200; x=75: 2000; x=100: 700

Heated Ta Depositions:
Room-temperature data identified x=75 mm (P=3) and x=100 mm (P=3, P=7) as optimal for low p. At x=75,
P=3, o averaged -410 MPa and p=310 pQ-cm before 750 °C, improving to cx-50 and px31 pQ-cm at 750-800
°C, within the a-Ta range. At x=100, P=3, 0=-580 and p=110 at 750 °C; at P=7, 6=-350 and p=60. Both x=100
substrates exhibited frosted silicide formations that hindered «-Ta phase transitions due to their higher
energies.

Nb Seed Layer Depositions:

While standalone Nb depositions showed that increasing P raised p, Nb seed layer effects could differ when
followed by Ta deposition. To characterize this interaction, Nb was deposited first confocally while Ta was
deposited at its optimal DOA distance (x=75 mm) across different pressures. Deposition times were calculated
as t = 5nm/DR using the respective DR values for each P value. At P=3, p was low (57 uQ-cm) with 6=-390 MPa
(compressive). At P=7, p increased to 88 pQ-cm with 0=-87 MPa (low residual stress). At P=20, p sharply
increased to 2250 pQ:-cm while o remained low at -47 MPa. Overall, p rose steeply with pressure, while o
trended toward neutral values.



Conclusions and Future Steps:

Characterization of Ti, Nb, and Ta targets established that optimal conditions for forming a-Ta with low
resistivity and neutral stress, critical for quantum electronics, require low-pressure (3-7 mTorr) deposition at
a specific distance (75-100 mm). While heating to 750-800°C promoted these properties for Ta, close
deposition distances risked silicide formation, which could be mitigated by lowering the temperature at optimal
distances like 87.5 mm. Seed layer experiments revealed that although stress remained low across pressures,
resistivity increased sharply at high pressures, indicating potential electrical degradation. Consequently, seed
layers for Nb may be more favorable under low-pressure, unheated conditions. These preliminary results
confirm that a combination of low chamber pressure and optimized deposition distance is key to producing
desirable a-Ta films, though further data repetition may be necessary to minimize variability.
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Figure 1- AJA International Q2 Deposition System
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Figure 2 - Diagram of Dual Off-Axis Sputtering
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Figure 3 - Master Dataset



Figure 4 - In-Chamber DOA Plasmas
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