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Supporting figures.

(a)

. O atom

w w @ Hfatom
&

1stALD cycle 279 ALD cycle 10 ALD cycle

()

L& b o

S & &

[ ]
Growth per cycles (Alcycle)

\
Activation energy (x10° eV)

100

[e} O-HO  H:0-0; H:.0

80
Activation probability (%) Reactant type

Figure S1. (a) Flow-chart of algorithm for simulation of multilayer HfO,, (b) MC simulation of
HfO, ALD process, (¢) activation probability—simulated thickness graph, (d) activation energy

(red points) of each reactant relative to H,O compared to GPC trend (blue points).

The rate of the reactions with O3, H,O, O3-H,0, and H,0-O; pulses was defined by
multiplying the probability of TDMAH adsorption on the O- or OH-terminated sites by the

oxidizing power of the reactants:
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Here, “ 0- is the probability of adsorption of TDMAH on the O-terminated site, *“ 0#- is the

0
3
probability of adsorption of TDMAH on the OH-terminated site, kroman is the oxidizing power of

HZD
the O; reactant on the adsorbed TDMAH, and kroman is the oxidizing power of H,O on the

adsorbed TDMAH surface.



The relationship between the reaction rate constant and the activation energy was

developed by Arrhenius:
Ereactant
a
kreactant = Ade h RT (5)
where k"*“““"™ is the reaction rate constant for each reactant system, 4 is the pre-exponential factor,

preactant,

a 1isis the activation energy in each reactant system, R is the molar gas constant (8.314 J/mol
K), and T is the temperature. Therefore, the activation energy was calculated using the Boltzmann

distribution [1]:
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The Boltzmann constant, Kp, is defined as 1.380649 x 10723 J/K. In this calculation, Eq was set

to 0 as the fixed value, and the relative activation energy for each reactant type was calculated as:
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Simulation of the reaction with different reaction rate constants showed a similar trend for
the four reactant systems over ten HfO, ALD cycles. The variation of the relative activation energy
was compared with the variation of the experimentally determined GPC. The reaction probability

decreases exponentially with increasing activation energy, and the low GPC is due to the high

activation energy [2,3].
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Figure S2. Illustration of HfO, structure with oxygen vacancies and interstitial oxygen.
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Figure S3. Content of (a) C and (b) N impurities in HfO, film, determined from XPS data.
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Figure S4. XRR data for HfO, films formed by using each reactant process: (a) H,O and H,O-O3,

(b) O; and O5-H,O0, (c) capacitance values of MOS capacitors using 18 nm ALD HfO, deposited

at 275 °C.
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