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Figure S1. SEM images of the (a) as-grown and (b) PDA at 500 °C STO films grown on 0.5 

nm-thick Pt/Ru and the (c) as-grown and (d) PDA at 500 °C STO films grown on 1 nm-thick 

Pt/Ru.



Figure S2. Variation in the Pt areal density and the thickness estimated from the areal density 

of the Pt films grown on Ru.



Note S3. 

To quantitatively determine the thickness and coverage of an ultrathin Pt layer deposited on 

Ru using the ARXPS technique, the Straight-Line Approximation (SLA) method was 

employed. The SLA approach assumes that photoelectron elastic scattering events are 

negligible in the XPS measurements, significantly simplifying the analytical expression for the 

photoelectron transport mechanism.[1] Based on these assumptions, the photoelectron signal 

intensity as a function of the angle for a sufficiently thick (bulk, typically 10 nm or more) 

substrate ( ) can be expressed as follows:𝐼𝑆

(1)𝐼𝑆 = 𝐼𝑆,0cos 𝜃

When a thin overlayer is deposited on the substrate, the photoelectrons emitted from the 

substrate undergo additional scattering. In this case, the equations for the photoelectron signal 

intensity from the substrate ( ) and the overlayer ( ) as a function of the overlayer thickness 𝐼𝑆 𝐼𝑂

( ) can be expressed as follows:𝑑𝑂

(2)𝐼𝑆 = 𝐼𝑆,0 × cos 𝜃 × exp⁡( - d𝑂/(λ𝑆cos 𝜃))

(3)𝐼𝑂 = 𝐼𝑂,0 × cos 𝜃 × [1 - exp⁡( - d𝑂/(λ𝑂cos 𝜃))]

where  and  represent the photoelectron signal intensity values for the substrate and the 𝐼𝑆,0 𝐼𝑂,0

overlayer bulk material, respectively, measured along the surface normal.  and  represent 𝜆𝑆 𝜆𝑂

the inelastic scattering mean free path (IMFP) values for the substrate and overlayer materials, 

respectively, and were treated as fixed values within the measurement range of 20–60°,[2] 

where elastic scattering is negligible. This approach is commonly used in the quantification of 

thin film thicknesses through ARXPS.[3-6]

We used eqs.(2) and (3) to model the photoelectron signal intensity of Pt film overlayer and 



Ru bulk substrate as follows:

(4)
𝐼𝐹𝑖𝑙𝑚

𝑃𝑡 = 𝐼𝑃𝑡,0 × cos 𝜃 × [1 ‒ exp ( ‒ 𝑑𝑃𝑡

𝜆𝑃𝑡𝑐𝑜𝑠𝜃)]

(5)
𝐼𝐵𝑢𝑙𝑘

𝑅𝑢 = 𝐼𝑅𝑢,0 × cos 𝜃 × exp ( ‒ 𝑑𝑃𝑡

𝜆𝑅𝑢𝑐𝑜𝑠𝜃)
From NIST Electron Inelastic-Mean-Free-Path Database,[7] the IMFP values for Pt 4f and Ru 

3d electrons were determined to =1.14 nm and =1.74 nm, respectively.𝜆𝑃𝑡 𝜆𝑅𝑢

Using eq. (1), eq. (4) can be normalized by the expression for the Pt bulk intensity to derive 

the following expression:

(6)
𝐼𝐹𝑖𝑙𝑚

𝑃𝑡 /𝐼𝐵𝑢𝑙𝑘
𝑃𝑡 = 1 ‒ exp ( ‒ 𝑑𝑃𝑡

𝜆𝑃𝑡𝑐𝑜𝑠𝜃)
The Pt 4f ratio calculated from the Pt film and Pt bulk is shown in Fig. 2(b). The thickness of 

the Pt overlayer calculated using eq. (6) was 0.58 nm, which is in excellent agreement with the 

thickness of 0.5 nm determined via WDXRF measurements.

Additional modeling was performed to calculate the coverage of an ultrathin 0.58 nm Pt 

film on a Ru bulk substrate. Although the same amount of Pt is deposited on the Ru bulk, the 

extent to which photoelectrons emitted from Ru are scattered by the Pt film varies depending 

on the coverage of the Pt film.[3,4] Consequently, the photoelectron signal intensity from the 

Ru bulk as a function of coverage can be divided into two components: Ru covered by Pt (Ru 

covered) and Ru not covered by Pt (Ru uncovered). Based on this theoretical framework, the 

equations for the Pt film and Ru bulk as functions of fractional coverage ( ) are expressed as 𝑓

follows:

(7)
𝐼𝐹𝑖𝑙𝑚

𝑃𝑡 = 𝑓 × 𝐼𝑃𝑡,0 × cos 𝜃 × [1 ‒ exp ( ‒ 𝑑𝑃𝑡

𝜆𝑃𝑡𝑐𝑜𝑠𝜃)]



(8)
𝐼 𝐵𝑢𝑙𝑘

𝑅𝑢 𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = 𝑓 × 𝐼𝑅𝑢,0 × cos 𝜃 × [1 ‒ exp ( ‒ 𝑑𝑃𝑡

𝜆𝑅𝑢𝑐𝑜𝑠𝜃)]

(9)𝐼 𝐵𝑢𝑙𝑘
𝑅𝑢 𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = (1 ‒ 𝑓) × 𝐼𝑅𝑢,0 × cos 𝜃

Accordingly, the equation considering the coverage of the Pt film deposited on the Ru bulk 

is summarized as follows.

𝐼𝐹𝑖𝑙𝑚
𝑃𝑡

𝐼𝐵𝑢𝑙𝑘
𝑅𝑢

=
𝐼𝐹𝑖𝑙𝑚

𝑃𝑡

𝐼 𝐵𝑢𝑙𝑘
𝑅𝑢 𝑐𝑜𝑣𝑒𝑟𝑒𝑑 + 𝐼 𝐵𝑢𝑙𝑘

𝑅𝑢 𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑

=
𝐼𝑃𝑡,0

𝐼𝑅𝑢,0

𝑓 × [1 ‒ exp ( ‒ 𝑑𝑃𝑡

𝜆𝑃𝑡𝑐𝑜𝑠𝜃)]

1 ‒ [𝑓 × exp ( ‒ 𝑑𝑃𝑡

𝜆𝑅𝑢𝑐𝑜𝑠𝜃)]

(10)

The value of  was observed to be 1.36, and the coverage results for a Pt film thickness (

𝐼𝑃𝑡,0

𝐼𝑅𝑢,0

 of 0.58 nm were calculated and presented in Fig. 2(c).𝑑𝑃𝑡)



Figure S4. Variations in the areal densities of (a) Sr and (b) Ti ions in the STO films as a 

function of the thickness of the Pt reaction barrier layer.



Figure S5. Capacitance – applied voltage curves of the STO films grown on (a) 0.5 nm- and 

(b) 1 nm-thick Pt/Ru after PDA at 500 °C

Figure S6. (a) Ultraviolet photoelectron spectra and (b) their magnified spectra of Pt, Ru, and 

0.5 nm-thick Pt/Ru. The work function was calculated by subtracting a He I radiation energy 

of 21.2 eV from the binding energy cutoff: 5.2 eV for Pt, 4.8 eV for Ru, and 5.0 eV for 0.5 nm-

thick Pt/Ru.
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