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S1 Scanning transmission electron microscope (STEM) images 

For better visualization of crystalline structure, the standalone images in Figure 2e,f of 

the main manuscript are presented in Figure S1a1 and Figure S1b, respectively. The 

atomic columns oriented along crystallographic directions in the grains can be clearly 

observed in Figure S1a1; additionally another STEM image is shown in Figure S1a2. 

The labeling of the diffraction pattern from the selected area electron diffraction (SAED) 

measurements is presented in Figure S1b. 

 
Figure S1a: 1) The standalone image of Figure 1e in the main manuscript. It is a 

HR-STEM image from the edge of the deposit in Figure 1c. 2) Additional STEM 
image. The crystalline structure of the grains and the atomic columns oriented along 
crystallographic directions can be observed. 

 

 
Figure S1b: SAED pattern from the edge of the deposit in Figure 1c. 
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S2 Parameters used in desorption rate calculation 

Neglecting the surface diffusion, the continuum model for the variation of the adsorbed 

molecular surface density, n, can be written as, 

    
𝑑𝑛

𝑑𝑡
=  𝑠𝐽 (1 −

𝑛

𝑛0
) − 

𝑛

𝜏
−  𝜎𝑛𝑓       (S2a) 

The definitions of labels used are reported in Table S2. Under steady-state 

conditions, Equation S2a can be solved for n as  

𝑛 =  
𝑠𝐽

𝑠𝐽

𝑛0
+

1

𝜏
+ 𝜎𝑓

      (S2b) 

The vertical growth rate, 𝑅 = 𝑛𝑉𝜎𝑓, using Equation S2a, becomes 

𝑅 =  
𝑠𝐽

𝑠𝐽
𝑛0

+
1
𝜏
+ 𝜎𝑓

𝑉𝜎𝑓         (S2c) 

Introducing the deposition rate, ν𝑑𝑒𝑝 = 𝑅 𝑉𝑛0⁄ , the desorption rate, ν𝑑𝑒𝑠 =  1 𝜏⁄ , the 

dissociation rate, ν𝑑𝑖𝑠 = 𝜎𝑓, and the gas impingement rate ν𝑔𝑎𝑠 = 𝑠𝐽 𝑛0⁄ , Equation 

S2c can be rewritten as  

ν𝑑𝑒𝑝 =
𝑅

𝑉𝑛0
=  

ν𝑔𝑎𝑠ν𝑑𝑖𝑠

ν𝑔𝑎𝑠+ ν𝑑𝑖𝑠+ν𝑑𝑒𝑠
      (S2d) 

The symbols are described in Table S2.  

Equation S2d can be rearranged for estimating the desorption rate ν𝑑𝑒𝑠 as follows, 

ν𝑑𝑒𝑠 =  
ν𝑔𝑎𝑠ν𝑑𝑖𝑠

ν𝑑𝑒𝑝
− (ν𝑔𝑎𝑠 + ν𝑑𝑖𝑠)        (S2e) 

Substituting the definitions of the rates, Equation S2e can be written as, 

ν𝑑𝑒𝑠 =  𝜎𝑓 (
𝑉𝑠𝐽

𝑅
− 1) −  

𝑠𝐽

𝑛0
              (S2f) 

The quantities J, R, and f are determined experimentally. The volume of the 

decomposed molecule, V(PdC2O0.5) is calculated using the relation V = MPdC2O0.5/ρNA. 

The density ρ is obtained by rewriting the composition as Pd0.29C0.57O0.14. The density 

can then be calculated as the weighted average density according to Utke et al. [1] as 

ρ = 0.29ρPd + 0.57ρC with ρPd = 12.007 cm−3 and taking ρC = 1.5 g/cm3, which is the 

density of amorphous hydrogenated carbon. MPdC2O0.5 is the molar mass of the 

molecule (MPdC2O0.5 = 138.42 g/mol), and NA is the Avogadro number. The volume of 

the decomposed molecule becomes V = 5.3∙10−2 nm3.  
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The monolayer density (𝑛0) of the [Pd(tbaoac)2] molecule adsorbing on the substrate 

surface is calculated as 1 𝜋𝑟2⁄ , r being the radius of the adsorbing molecule, or as 1 𝐴,⁄  

A being the projected area of the adsorbed molecule on the surface. The fragmentation 

cross section under electron impact is 𝜎. The quantities 𝜎 and 𝑛0 are unknown and 

need to be estimated through logical reasoning. They can be used to set the upper and 

lower limit on ν𝑑𝑒𝑠 given by Equation S2f.  

First, we estimate the upper limit value. The maximum value of 𝜎 can be considered 

as the geometrical cross section of the molecule, which is 1.54 nm2, considering the 

molecular size (diameter) as roughly 1.4 nm. The maximum value of 𝑛0 occurs for the 

configuration shown in Figure S2b, with the molecule being adsorbed in an upright 

fashion. This corresponds to a projected area of 0.368 nm2 and 𝑛0 = 2.72 nm−2. Using 

these values, ν𝑑𝑒𝑝 = 1.38∙10−1 s−1, ν𝑔𝑎𝑠 = 1.36∙103 s−1 (assuming a sticking coefficient 

of 1), ν𝑑𝑖𝑠  = 6.16∙103 s−1, and the upper limit estimated value of ν𝑑𝑒𝑠 = 6.07∙107 s−1. 

These values are tabulated in Table S2. The ratios νdis/νdes = 1.01∙10−4 and νgas/νdes = 

2.2∙10−5 are very small compared to unity and imply that the desorption driven regime 

prevails. 

For the lower limit of ν𝑑𝑒𝑠, the minimum coverage can be estimated by considering the 

molecule to be adsorbed completely flat (Figure S2c). This gives 𝑛0 = 0.9 nm−2. For 

the lower limit on 𝜎, we consider the fact that the rates are non-negative. The right-

hand side of the Equation S2f should be greater than or equal to zero. This gives the 

lower limit on 𝜎. The equations are derived as follows, 

ν𝑑𝑒𝑠 =  𝜎𝑓 (
𝑉𝑠𝐽

𝑅
− 1) −  

𝑠𝐽

𝑛0
 ≥ 0  (S2g) 

Rearranging Equation S2g gives, 

𝜎 ≥
𝑠𝐽𝑅

𝑓𝑛0(𝑠𝐽𝑉−𝑅)
         (S2h) 

Using the value of 𝑛0 = 0.9 nm−2 gives 𝜎 ≥ 1.1∙10−4 nm2 = 0.011Å2. Both values 

translate to ν𝑑𝑒𝑝 = 4.19∙10−1 s−1, ν𝑔𝑎𝑠 = 4.1∙103 s−1, ν𝑑𝑖𝑠  = 4.4∙10−1 s−1, and the lower 

limit estimated value of ν𝑑𝑒𝑠 = 2∙102 s−1. With these values, only the ratio νdis/νdes = 

2.2∙10−3 is smaller than unity, while the ratio νgas/νdes = 2.05∙101 is larger than unity. 

This would imply that the deposition proceeds in the reaction-rate limited (electron-

limited) regime. When we performed deposition with high electron flux, using the upper 

limit estimation of ν𝑑𝑒𝑠, it is consistent with the expected relationship between growth 

rate and electron flux in the desorption-driven regime. Since, ν𝑑𝑒𝑠 ≫ (ν𝑔𝑎𝑠 + ν𝑑𝑖𝑠), 
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Equation S2d simplifies to ν𝑑𝑒𝑝 ≅ (ν𝑔𝑎𝑠 ν𝑑𝑒𝑠.) ∙ ν𝑑𝑖𝑠⁄  showing a linear dependence on 

the dissociation rate being itself proportional to the electron flux. When ν𝑔𝑎𝑠 + ν𝑑𝑒𝑠  ≫

ν𝑑𝑖𝑠, then Equation S2d simplifies to ν𝑑𝑒𝑝 ≅ (
ν𝑔𝑎𝑠

ν𝑔𝑎𝑠+ν𝑑𝑒𝑠
) ν𝑑𝑖𝑠, which is also proportional 

to ν𝑑𝑖𝑠. It follows that the growth regime can be either desorption-driven or electron-

limited. If we consider 𝜎 = 1.1∙10−3 nm2, then the deposition regime is in transition to 

desorption driven regime (νgas/νdes = 1.05, for 𝜎 = 1.1∙10−3 nm2). The literature values 

reported in Table VII of Utke et al. [2] shows that at 100 keV, the FEB contamination 

deposit has cross sections ranging from 0.007 to 0.02 nm2. We have lower electron 

energy, and we expect the cross section would be higher at 20 keV. As the 

contamination deposit is primarily due to residual hydrocarbons, we think [Pd(tbaoac)2] 

will have a higher electron impact cross section than hydrocarbons in residual gases 

given its higher molecular size. This can observed for example in the paper of Schram 

et al. 1996 [3], where the ionization cross section increases with increasing size of 

molecules. Therefore, we think that the deposition process takes place more probably 

in the desorption-driven regime. 

 

Figure S2: (a) DFT-optimized structure of [Pd(tbaoac)2], calculated using the basis 
set LanL2DZ for Pd and 6-311+(d,p) for C,O,H atoms and with B3LYP correlation 

function in Gaussian software [4]. The distances between the atoms are represented 
with green arrows and corresponding length is reported. (b) The flat adsorption 
geometries of [Pd(tbaoac)2] on a substrate, which gives minimum monolayer surface 

density. The projected area is marked and reported. (c) The same as (b), but with 
upright configuration giving maximum monolayer surface density. 
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S3 Deposit with high electron flux 

Figure S3 compares deposits grown with two different electron fluxes. Within the EDX 

measurement uncertainty of ±5 atom %, the composition of both deposits can be 

considered the same. No carbon background subtraction was performed. Note the 

composition of the deposit at higher electron flux is reported without thin film correction. 

 
Figure S3: SEM images of FEB deposits obtained with two different electron fluxes. 
The inset on the left image is the 30° tilted view of the deposit. The corresponding 
composition were tabulated under the image with and without thin film correction. 

Note the difference in the Si atom % value, which is due to different deposit 
thicknesses (the thicker the deposit the less is the Si atom % value). Observing how 
the Si content for the right deposit is distributed to other elements after thin film 

correction, we can expect the Pd content for the left deposit can at most increase to 
25 atom % after the correction. 

Table S2: Parameters entering into Equation S2 and values used for the calculation 

of the desorption rate ν𝑑𝑒𝑠  for the square deposit in Figure 2a. The values from 

experimental measurements are highlighted in blue. 

Deposition Rate R R (nm·s−1) 0.02 

Volume of 
decomposed molecule 

V (nm3) 5.3∙10−2 

Monolayer surface 
density 

n0 (nm−2) 2.72 

Deposition rate ν𝑑𝑒𝑝 ν𝑑𝑒𝑝 = 𝑅 𝑉𝑛0⁄  (s−1) 1.38∙10−1 

Precursor flux J (molecules·nm−2·s−1) 3.7∙103 

Sticking coefficient s 1 

Gas impingement rate  νgas = sJ/n0 (s−1) 1.36·103 

Electron flux  f (electrons·nm−2·s−1) 4∙103 

Dissociation cross 
section 

σ (nm2) 1.54 

Dissociation rate νdis = σf (s−1) 6.16∙103 

Desorption rate ν𝑑𝑒𝑠 =  
ν𝑔𝑎𝑠ν𝑑𝑖𝑠

ν𝑑𝑒𝑝

− (ν𝑔𝑎𝑠 + ν𝑑𝑖𝑠) 6.07∙107 
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S4 Estimation of composition from gas phase experiments 

Table S4 shows the relative intensities of Pd-containing fragments obtained in the 

70 eV electron impact dissociative ionization of the gas phase molecule [Pd(tbaoac)2] 

[5]. The number of Pd, C, and O atoms were calculated in each fragment and multiplied 

to the relative intensity of the corresponding fragment. Assuming these fragments stay 

on the surface, the total numbers of Pd, C, and O atoms (NPd, NC, and No) were 

obtained by summing the contribution from all fragments. Then the metal content is 

estimated as NPd/Ntotal; Ntotal = NPd + NC + No, which is 8 atom %. 

Table S2: Relative intensity of Pd-containing fragments from electron impact gas phase 
dissociation and the numbers of Pd, C, and O atoms that each fragment contributes. 
 

Fragment No of atoms in 
the fragment 

Relative  
intensity 

No of atoms after multiplying intensity 

Pd C O Pd C O 

[Pd(CH3COCH2)]+ 1 3 1 20 20 60 20 

[Pd(CH3COCHCO)]+ 1 4 2 32 32 128 64 

[Pd(CH3COCH2CO2H)]+ 1 4 3 64 64 256 192 

[Pd(CH3COCH2CO2
tBu)]+ 1 8 3 9 9 72 27 

[Pd(CH3COCH2CO2)2]+ ∙ 1 8 6 100 100 800 600 

[Pd(CH3COCHCO2
tBu) 

(CH3COCH2CO2)]+ ∙ 
1 12 6 11 11 132 66 

[Pd(CH3COCHCO2
tBu)2]+ ∙ 1 16 6 30 30 480 180 

    Total NPd = 266 NC = 1928 NO = 1149 

 

S5 Subtraction of residual gas contribution to the composition 

Residual gases present in the SEM can adsorb on the surface and get co-deposited 

along with the main precursor gas in FEBID. This co-deposition often overestimates 

the carbon content, which can be seen through the contrast observed in the SEM 

imaging area. We try to subtract such residual gas co-deposition through the 

methodology shown in Figure S5a,b. Figure S5a shows the general idea of removing 

the residual gas contribution by performing the residual gas deposition under the same 

conditions as the precursor FEBID and then subtracting its contribution from the 

precursor FEBID. The composition of these deposits is obtained through EDX 

measurements with the same measurement parameters. AFM measurements were 

done to obtain the volume of the deposit. From the composition, the density was 

calculated, and the mass of the deposit was obtained from the known volume of the 

deposit. Then the mass of the deposit is used to calculate the number of C and O 

atoms in the deposit from their weight percentages. The contamination-free deposit 

composition is obtained by subtracting the residual gas deposit C and O atoms from 
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the C and O atoms of the precursor deposit. The schematic of the methodology to 

subtract the residual gas contamination is shown in Figure S5b.  

 

  

 
Figure S5a: Schematic showing the FEBID experiments needed for experimental 
separation of the co-deposited carbon contribution (from residual gas or other 
carbon sources) in the EDX quantification. FEB depositions are performed with 

precursor flux (red) and residual gas (black) and with residual gas alone under the 
same conditions. The composition of these deposits is measured by EDX using 
identical EDX parameters and allows one to subtract the carbon content co-

deposited by the presence of residual gas, also see Figure S3. 
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Application of the method to the FEBID using [Pd(tbaoac)2] 

The residual gas depositions used for the subtraction procedure were performed at 

substrate temperatures of 50 and 40 °C. The residual gas deposition with Tsub = 70 °C 

was too thin to be reliably measured by AFM. Therefore, an appropriate extrapolation 

of the number of atoms was performed from the 40 and 50 °C contamination deposits. 

The depositions were made with an electron flux of 2·104 electrons·nm−2·s−1, and linear 

scaling was applied for the deposition time. For the FEBID conditions of the Pd–C 

deposit reported in Figure 2 in the main manuscript, the residual gas deposit is 

estimated to contain 4.4·108 C atoms·µm−2 and 0.74·107 O atoms·µm−2. The 

composition of the Pd–C FEB deposit amounts to 2.9·109 Pd atoms·µm−2, 

5.5·109 C atoms·µm−2, and 1.2·109 O atoms·µm−2. After the subtraction of C and O 

atoms of the residual gas deposit, the contamination-corrected composition gave 

32 atom % Pd, 55 atom % C, and 13 atom % O. Depending on the assumed density 

of the background contamination deposit (1–3 g·cm−3), the carbon background 

 
Figure S5b: Methodology to remove the residual gas contribution from the 
precursor FEB deposit by combined EDX with Stratagem thin film correction (deposit 

density and deposit composition) and AFM measurements (thickness, area, and 
volume) enabling the necessary calculation of the number of atoms in the deposits. 
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correction resulted in 2–4 atom % more Pd content with respect to Figure 3b in the 

main text. 
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