
 

 

Scaling of elongation transition thickness during 
thin-film growth on weakly interacting substrates 
Bo Lü, Laurent Souqui, Viktor Elofsson and Kostas Sarakinos 

The self-archived postprint version of this journal article is available at Linköping 
University Institutional Repository (DiVA): 
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-140966 
  
  
N.B.: When citing this work, cite the original publication. 
Lü, Bo, Souqui, L., Elofsson, V., Sarakinos, K., (2017), Scaling of elongation transition thickness during 
thin-film growth on weakly interacting substrates, Applied Physics Letters, 111(8). 
https://doi.org/10.1063/1.4993252 

Original publication available at: 
https://doi.org/10.1063/1.4993252 

Copyright: AIP Publishing 
http://www.aip.org/ 

 
 

 

http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-140966
https://doi.org/10.1063/1.4993252
http://www.aip.org/
http://twitter.com/?status=OA%20Article:%20Scaling%20of%20elongation%20transition%20thickness%20during%20thin-film%20growth%20on%20weakly%20int...%20http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-140966%20via%20@LiU_EPress%20%23LiU


1 
 

Scaling of elongation transition thickness during 

thin-film growth on weakly-interacting substrates 

B. Lü1, L. Souqui1,2, V. Elofsson1 and K. Sarakinos1* 

*Corresponding author, email: kostas.sarakinos@liu.se  

 

1Nanoscale Engineering Division, Department of Physics, Chemistry and Biology, 

Linköping University, SE 581 83, Linköping, Sweden 

2Present address: Thin Film Physics Division, Department of Physics, Chemistry and 

Biology, Linköping University, SE 581 83, Linköping, Sweden 

 

Abstract 

The elongation transition thickness (𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸) is a central concept in the theoretical 

description of thin-film growth dynamics on weakly-interacting substrates via scaling 

relations of 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 with respect to rates of key atomistic film-forming processes. To date, 

these scaling laws have only been confirmed quantitatively by simulations, while 

experimental proof has been left ambiguous as it has not been possible to measure 

𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸. Here, we present a method for determining experimentally 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 for Ag films 

growing on amorphous SiO2; an archetypical weakly-interacting film/substrate system. 

Our results confirm the theoretically predicted 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 scaling behavior, which then allow 

us to calculate rates of adatom diffusion and island coalescence completion in good 

agreement with the literature. The methodology presented herein casts the foundation 

for studying growth dynamics and cataloging atomistic-process rates for a wide range 

of weakly-interacting films/substrate systems. This may provide insights into directed 
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growth of metal films with well-controlled morphology and interfacial structure on 2D 

crystals—including graphene and MoS2—for catalytic and nanoelectronic applications.  

 

Thin-film growth on weakly-interacting substrates is of great technological importance 

for the field of catalysis [1], architectural glazing [2] and microelectronics. [3-5] Upon 

condensation on a weakly-interacting surface, film-forming species self-assemble in 

dispersed 3D atomic islands, which impinge on each other as they grow in size. [6] 

This initiates a dynamic competition between island growth and coalescence leading 

to the so-called elongation transition; the point during growth at which the surface is 

predominantly covered by elongated structures. [6] This transition is crucial in 

determining the resulting film microstructure, while the scaling behavior of the 

thickness at which it occurs, 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸, with respect to the rates of vapor deposition 

𝐹𝐹[𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚⁄ ], adatom surface diffusion 𝐷𝐷[𝑐𝑐 𝑚𝑚2 𝑚𝑚⁄ ] and island coalescence 

completion 𝐵𝐵[𝑐𝑐𝑚𝑚4 𝑚𝑚⁄ ] reflects the dynamics of early film-formation stages. [7-11] 

Depending on the relative rates of island growth and coalescence, two morphological 

evolution regimes can be established in which merging islands can either fully relax 

into a compact shape and thereby complete coalescence (coalescence-controlled 

regime) or not (coalescence-free regime). [12-16] Analytical models and growth 

simulations [12,13,17-19] have shown that in these two regimes the 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 scaling laws 

under a continuous deposition flux read, [6,12,13]  

 

 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ≈ (1.75𝛼𝛼𝐵𝐵 (𝐹𝐹𝐹𝐹)⁄ )1 3⁄ (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚 − 𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐), (1) 

 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ≈ 2 �𝐷𝐷
𝐹𝐹
�
1
7 (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚 − 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚). (2) 
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In Eq. (1), 𝛼𝛼 is the height-to-radius ratio of the islands and 𝐹𝐹[𝑐𝑐𝑚𝑚3] is the atomic volume 

of the film species. If hemispherical islands are assumed, then 𝛼𝛼 = 1, while all scales 

can be normalized such that 𝐹𝐹 = 1.  

 

To date, 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 has not been determined experimentally, as the elongation transition is 

an intrinsically abstract concept if approached directly, e.g., by visual inspection of the 

growth surface by scanning probe microscopies. [20,21] This casts doubt on Eqs. (1) 

and (2), since their experimental validation has been sought by measuring later 

transition thicknesses, such as the thickness at percolation (𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) and continuous film 

formation (𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶) as functions of 𝐹𝐹, assuming that all transition thicknesses exhibit the 

same scaling behavior 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃⁄ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸⁄  ~𝐹𝐹𝜒𝜒. Available experimental data based on 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 

seemingly confirm Eq. (2), [14,16] while 𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 and 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 values obtained for 

coalescence-controlled growth at room temperature have consistently shown exponent 

values smaller than the theoretically predicted −1 3⁄ . [14-16,22]  

 

Here, we resolve this ambiguity and confirm the validity of Eqs. (1) and (2) by 

demonstrating a method to determine 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸. This is done by depositing films in two 

parts, the template and top layer, with different deposition rates, 𝐹𝐹𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 and 𝐹𝐹𝑇𝑇𝐸𝐸𝑇𝑇, 

respectively. The change of deposition rate from 𝐹𝐹𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 to 𝐹𝐹𝑇𝑇𝐸𝐸𝑇𝑇 is made abruptly during 

the early-growth stages aiming to disrupt the growth evolution and thereby either 

activate or freeze coalescence of an established growth surface. This then affects how 

𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 is set, and by association also 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃⁄ .  [6,1319,23] Since past the elongation 

transition, other processes (e.g., hole filling and grain growth) become dominant in 

determining microstructural evolution, [20,24] a disruption of growth dynamics made 

after 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 will set 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃⁄  in a distinctly different way as compared to a disruption 
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made before. Hence, if 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃⁄  is measured for a set of abrupt 𝐹𝐹-changes made at 

different times during growth, 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 can be determined by identifying the point which 

separates two distinct behaviors or regions of 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃⁄ . Repeating this for multiple 

deposition rates will then generate a set of 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 values in both the coalescence-

controlled and coalescence-free growth regimes, thus providing the means to 

investigate the experimental scaling behavior of 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 with 𝐹𝐹 and compare it to Eqs. 

(1) and (2). 

 

The concept described above was used to determine 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 for Ag grown on SiO2 by 

measuring 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 in corresponding templated films. The choice of film and substrate 

materials was based on their suitability as representative weakly-interacting system, 

as well as the availability of experimental data on the scaling behavior of 𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 and 

𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶. [14,16,22] The range of the template layer thickness (𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇) was selected to be 

in a region where the elongation transition is expected to occur (21 − 85𝑀𝑀𝑀𝑀) based on 

previous experimental 𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 and 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 data. [16,22] Films consisting of template and 

top layers were grown from the vapor phase by magnetron sputtering at UHV 

conditions (base pressure 1.3 ∙ 10−6 Pa) at a working pressure of 0.67 Pa, achieved by 

using 99.9997% purity Ar sputtering gas. Depositions were performed on Si substrates 

(10 × 10mm) covered by a 5000 Å thermally grown amorphous SiO2. The substrates 

were prepared by ultrasonic cleaning in acetone and isopropanol for 10 minutes each. 

No temperature control was applied to the substrates during deposition, i.e., growth at 

room temperature is assumed. For the depositions, pulsed vapor fluxes were used as 

they allow to identify the two coalescence-based growth regimes easier as compared 

to the case when deposition is performed using continuous vapor fluxes. [14-16,22] 

Vapor was generated by applying power to the sputtering source at constant energy 
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per pulse of ~20 mJ and a constant pulse width of 50 µs resulting in a constant 

instantaneous deposition rate 𝐹𝐹𝑖𝑖 = 5.68𝑀𝑀𝑀𝑀 𝑚𝑚⁄ , while the pulse frequency 𝑓𝑓 [Hz] was 

varied from 100 to 1000 Hz, yielding time averaged deposition rates from 0.04 to 0.6 

ML/s, respectively. [25] This flux temporal profile leads to growth in the fast diffusion 

nucleation regime, in which the island saturation density (𝑁𝑁𝑠𝑠𝑠𝑠𝐶𝐶) is independent of 𝐹𝐹 and 

scales instead with 𝐹𝐹𝑖𝑖. [15,26] As a consequence, for coalescence-free growth 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 

scales as  �𝐷𝐷
𝐹𝐹𝑖𝑖
�
1
7 which means that for the conditions used here a constant 𝜃𝜃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸value 

should be obtained. [27] In addition, the chosen deposition conditions yield low 

energies of the sputtered species independent of 𝑓𝑓, [25] which along with the fact that 

the substrate was held at floating potential minimizes the effects of energetic 

bombardment on the growing film commonly associated with pulsed deposition 

processes. The growth process was monitored in real time using in situ spectroscopic 

ellipsometry (M-88, J. A. Woollam Inc. apparatus), and a three-phase model consisting 

of substrate, film and vacuum was used to fit the acquired data and determine 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 as 

detailed in previous works. [22,25,28] 

 

Figure 1 (a) shows 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 as function of 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 for different 𝐹𝐹𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 when 𝐹𝐹𝑇𝑇𝐸𝐸𝑇𝑇 ≈ 0.6𝑀𝑀𝑀𝑀 𝑚𝑚⁄ , 

while similar data but for 𝐹𝐹𝑇𝑇𝐸𝐸𝑇𝑇 ≈ 0.04𝑀𝑀𝑀𝑀 𝑚𝑚⁄  are shown in Fig. 1 (b). In line with previous 

studies [16,22], change of the deposition rate from 𝐹𝐹𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 to 𝐹𝐹𝑇𝑇𝐸𝐸𝑇𝑇 for the data in Fig. 1 

(a) triggers transition from coalescence-free to coalescence-controlled growth, while 

the opposite transition is triggered for the data in Fig. 1 (b). In Fig. 1 (a), 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 increases 

gradually with increasing template thickness and reaches local maxima (indicated by 

the vertical dashed lines) close to 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 (horizontal dashed lines) for monolithic films 

grown at the corresponding 𝐹𝐹 = 𝐹𝐹𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇. In Fig. 1 (b), 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 decreases steeply with 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 

to reach local minima (marked by vertical dash-dotted lines) just above the 
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corresponding 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 of monolithic films. Note that this is assumed also for the case of 

𝐹𝐹𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 = 0.28𝑀𝑀𝑀𝑀 𝑚𝑚⁄  (black squares in Fig. 1 (b)), even though an explicit minimum was 

not obtained in this particular dataset. Based on the proximity of the minima in the other 

two datasets to their corresponding monolithic film 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶, it can be estimated that the 

actual minimum for this dataset is within ±4𝑀𝑀𝑀𝑀 of the lowest value (72.5 ML). The 

template thicknesses at the local maxima and minima in Figs. 1 (a) and (b) are 

considered to be the 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 values at which 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 undergoes a change in behavior as a 

function of 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇, i.e., they correspond to 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 values for each specific deposition rate. 

 

Figure 1 (c) summarizes the measured 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 values for monolithic films along with 

𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 extracted from templated films over the deposition rate range 0.04 − 0.6𝑀𝑀𝑀𝑀 𝑚𝑚⁄ . 

Two power laws are identified for 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 with scaling exponents -0.23 (presumably 

coalescence-controlled growth) and -0.05 (presumably coalescence-free growth) for 𝐹𝐹 

in the range 0.04− 0.17𝑀𝑀𝑀𝑀 𝑚𝑚⁄  and 0.17− 0.6𝑀𝑀𝑀𝑀 𝑚𝑚⁄ , respectively. The scaling exponents 

for 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 in the corresponding growth regimes are found to be -0.30 and -0.05, for 𝐹𝐹 in 

the ranges 0.04 − 0.1𝑀𝑀𝑀𝑀 𝑚𝑚⁄  and 0.1 − 0.6𝑀𝑀𝑀𝑀 𝑚𝑚⁄ , respectively. To put our measurements 

into perspective, our data is also compared to 𝜃𝜃𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃 values from an independent and 

unrelated study of Ag deposited on SiO2 by pulsed laser deposition at 313 K (red, filled 

circles in Fig. 1 (c)). [16] It can be seen that the three types of transition thicknesses 

appear in the expected order of occurrence, beginning with elongation at the lowest 

thicknesses to percolation and finally continuous film formation. Moreover, the 

transition between coalescence-controlled and coalescence-free growth modes occur 

at nearly the same critical 𝐹𝐹 value (in the range 0.10− 0.17𝑀𝑀𝑀𝑀 𝑚𝑚⁄ ) for all three transition 

thicknesses. These two facts embody one of the main concepts in the theoretical 
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description of film growth on weakly-interacting substrates, namely that morphological 

features are predominantly set at the elongation transition. 

  

To understand the origin of the features observed in the experimental results, a 

previously developed kinetic Monte Carlo (kMC) code was used to model our method. 

[14-18] This code treats nucleation, growth, impingement and coalescence of 3D 

hemispherical islands in terms of the parameters 𝐹𝐹, 𝐷𝐷, and 𝐵𝐵. 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 is then determined 

by finding the film thickness at which the average number of islands in coalescing 

clusters exceed two. In the framework of the present study, simulations were 

performed using the values 𝐷𝐷 = 4.39 × 10−10𝑐𝑐𝑚𝑚2 𝑚𝑚⁄  and 𝐵𝐵 = 3.49 × 10−28𝑐𝑐𝑚𝑚4 𝑚𝑚⁄ , in line 

with our previous studies to reproduce the two coalescence growth regimes. [15,22] 

Abrupt changes of 𝐹𝐹 at various growth stages were simulated by using pulsed atomic 

fluxes with instantaneous rate 𝐹𝐹𝑖𝑖 = 250𝑀𝑀𝑀𝑀 𝑚𝑚⁄ , pulse width 100 µs and two pulsing 

frequencies of 1000 Hz and 10 Hz leading to the respective rates 𝐹𝐹1 = 25𝑀𝑀𝑀𝑀 𝑚𝑚⁄  and 

𝐹𝐹2 = 0.25𝑀𝑀𝑀𝑀 𝑚𝑚⁄ , resulting in coalescence-free and coalescence-controlled growth, 

respectively. In a first set of simulations, growth commenced by depositing a template 

layer at a rate 𝐹𝐹1, followed immediately by a top layer deposited at a rate 𝐹𝐹2. In a second 

simulations set, 𝐹𝐹2 was used as the template layer deposition rate, while the top layer 

was deposited at 𝐹𝐹1. In both cases, 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 as function of the template layer thickness 

was calculated, while the evolution of island density versus nominal thickness, 𝑁𝑁(𝜃𝜃), 

was also tracked. For the sake of brevity, the notation 𝐹𝐹𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 𝐹𝐹𝑇𝑇𝐸𝐸𝑇𝑇⁄  is used to denote the 

template and top layer deposition rates when presenting the simulation results. 

 

Figure 2 shows the evolution of 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 as a function of 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 for the two datasets with 

𝐹𝐹1 𝐹𝐹2⁄  (black squares) and 𝐹𝐹2 𝐹𝐹1⁄  (read circles). The horizontal dash-dotted lines indicate 
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𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹1) = 1.02𝑀𝑀𝑀𝑀 and 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹2) = 3.3𝑀𝑀𝑀𝑀 for non-templated growth (i.e., a monolithic 

film). For the dataset 𝐹𝐹1 𝐹𝐹2⁄ , three distinct regions of 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 can be identified as opposed 

to only two that were found in the experimental results. These are comprised of a 

region (I) of constant 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹1 𝐹𝐹2⁄ ) ≈ 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹2) up to 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 = 1𝑀𝑀𝑀𝑀, followed by a narrow 

region (II) of sharp decline which ends in a region (III) of constant 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹1 𝐹𝐹2⁄ ) ≈

𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹1) for 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 ≥ 1.25𝑀𝑀𝑀𝑀. Similarly, dataset 𝐹𝐹2 𝐹𝐹1⁄  also shows three different regions 

of 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸: a very narrow region (I) where 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹2 𝐹𝐹1⁄ ) ≈ 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹1) for 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 ≤ 0.5𝑀𝑀𝑀𝑀, 

followed by a wide region (II) where 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 increases until 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 = 3.5𝑀𝑀𝑀𝑀, after which a 

narrow region (III) concludes the dataset with 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹2 𝐹𝐹1⁄ ) ≈ 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹2). By comparing 

dataset 𝐹𝐹2 𝐹𝐹1⁄  with Fig. 1 (a), and dataset 𝐹𝐹1 𝐹𝐹2⁄  with Fig. 1 (b), we conclude that the 

experimental results correspond to region (II) followed by region (III) in both cases. The 

physical significance of the width difference of region (II) for the two datasets in Fig. 2 

can be explained by plotting the island density evolution 𝑁𝑁 as a function of the nominal 

film thickness 𝜃𝜃, as in the inset of Fig. 2 for the points marked A and B. For point A, the 

decrease of 𝐹𝐹 activates coalescence; this is what produces the sharp drop of 𝑁𝑁 at 𝜃𝜃 =

0.75𝑀𝑀𝑀𝑀. Thus for 𝐹𝐹1 𝐹𝐹2⁄ , whenever 𝐹𝐹 is changed before elongation has been reached, 

the entire surface restructures to a morphology similar to that of the monolithic film 

grown at 𝐹𝐹2, which in turn implies that 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 always turns out as 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹2). Hence, we 

only see a change in 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 for this dataset in Fig. 2 when 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 exceeds 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹1), 

and so region (II) should ideally be infinitesimally narrow. For point B, the freezing of 

coalescence by increasing 𝐹𝐹 is seen at 𝜃𝜃 = 2𝑀𝑀𝑀𝑀, where 𝑁𝑁 suddenly levels out with a 

slightly positive slope, and the elongation transition is reached shortly thereafter. This 

means that for the dataset 𝐹𝐹2 𝐹𝐹1⁄ , when 𝐹𝐹 is increased before elongation is reached, 

𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 is a linear function of 𝑁𝑁�𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇�, and the width of region (II) depends on how well 

𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹1) and 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐹𝐹2) are separated. 
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Our experimental results for 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 yield a scaling exponent of -0.30 in the coalescence-

controlled growth regime which is very close to the theoretical value of -0.33. This 

indicates that Eq. (1) indeed gives an accurate account of 3D island nucleation and 

growth dynamics with active coalescence, over the measured range of deposition 

rates. Moreover, the slope of𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 found in Fig. 1 (c) for coalescence-controlled growth 

(-0.23) is in good agreement with previously published exponents in the range -0.18 to 

-0.25. [22] Since the scaling exponent on 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 is systematically lower than that for 

𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸, it is possible that processes occurring after elongation (hole-filling and grain 

growth) are affecting the scaling behavior of 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶. For the coalescence-free growth 

regime, the results in Fig. 1 (c) are in close agreement with the scaling behavior 

𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑐𝑐, i.e., 3D island nucleation and growth theory (cf. Eq. (2)) describes 

growth in this regime as well. However, the scaling exponents for all transition 

thicknesses in Fig. 1 (c) (𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸, 𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 and 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶) in this growth regime reveal a small yet 

consistent dependence on 𝐹𝐹. Since the prediction 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ∝ 𝐹𝐹0 is based on irreversible 

nucleation with adatoms as the only mobile species, we suggest that such a small 𝐹𝐹-

dependence may be caused by detachment of adatoms  [29,30] or the presence of 

island mobility and Smoluchowski ripening. [31] Both of these would affect the 

nucleation density directly, which in turn affects 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 indirectly through the relation 

𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ∝ 𝑁𝑁𝑆𝑆𝑠𝑠𝐶𝐶−½. [15] Alternatively, this could also be caused by a change of the 3D aspect 

ratio—a flattening out—of the islands at high deposition rates; [32] the flatter the 

islands, the more they spread out and the earlier elongation would occur. 

 

Having direct measurements of 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸, Eqs. (1) and (2) can be used to provide 

estimates for 𝐷𝐷 and 𝐵𝐵 in the Ag-SiO2 material system, as such values are sparsely 
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given in the literature. Setting Eq. (1) to be equal to the curve fit expression of 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 in 

the coalescence-controlled growth regime from Fig. 1 (c) yields 

 𝐵𝐵 = 𝐶𝐶13𝐹𝐹3𝜒𝜒1+1𝐹𝐹 (1.75𝛼𝛼)⁄ . (3) 

Note that in the ideal case, 𝜒𝜒1 = −1 3⁄  and there should be no 𝐹𝐹-dependence in Eq. (3). 

Thus, our results 𝐶𝐶1 ≈ 72.26 and 𝜒𝜒1 = −0.30 permit to find for the range of 𝐹𝐹 = 0.04−

0.1𝑀𝑀𝑀𝑀 𝑚𝑚⁄  an average 𝐵𝐵 = 1.82 × 10−27 𝑐𝑐𝑚𝑚4 𝑚𝑚⁄ . This value compares favorably with a 

previous estimate placing 𝐵𝐵 in the range 1.58 × 10−28 𝑐𝑐𝑚𝑚4 𝑚𝑚⁄ − 1.22 × 10−27 𝑐𝑐𝑚𝑚4 𝑚𝑚⁄ , based 

on annealing of percolated Ag films. [33] To calculate 𝐷𝐷, we may apply a similar 

procedure to the pulsed flux analogue of Eq. (2) for the fast nucleation regime, 

 𝐷𝐷 = 𝐹𝐹𝑖𝑖��𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸� 2⁄ �7, (4) 

where �𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸� denotes an average of the values in the coalescence free growth mode. 

With 𝐹𝐹𝑖𝑖 = 5.68𝑀𝑀𝑀𝑀 𝑚𝑚⁄  in our experiments and �𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸� ≈ 44𝑀𝑀𝑀𝑀, 𝐷𝐷 is found to be 

7.88 × 10−6𝑐𝑐𝑚𝑚2 𝑚𝑚⁄ . The 𝐷𝐷 obtained using Eq. (4) can be used to calculate an effective 

diffusion energy barrier 𝐸𝐸𝐷𝐷 for Ag on SiO2 from the Arrhenius equation. Using 𝑚𝑚 = 2.89Å 

as the minimum translation distance on a Ag(111) surface (here assumed also for the 

SiO2 surface), 𝜈𝜈0 an attempt frequency on the order of 1012 − 1013𝐻𝐻𝐻𝐻, and 𝑇𝑇 = 300𝐾𝐾 

yields 𝐸𝐸𝐷𝐷,𝐴𝐴𝐸𝐸 𝑆𝑆𝑖𝑖⁄ 𝑂𝑂2 = 0.085− 0.144𝑚𝑚𝑒𝑒. An early nucleation study of Ag on SiO2 estimates 

𝐸𝐸𝐷𝐷,𝐴𝐴𝐸𝐸 𝑆𝑆𝑖𝑖⁄ 𝑂𝑂2 ≈ 0.1𝑚𝑚𝑒𝑒, although this value is considered highly approximate owing to the 

low vacuum quality available at the beginning of the 1970’s. [34,35] A much later study 

makes a qualitative comparison of island densities at a fixed coverage on Ag/SiO2 and 

Ag/KBr, both deposited under identical conditions. [36] 𝐸𝐸𝐷𝐷,𝐴𝐴𝐸𝐸 𝐾𝐾𝐾𝐾𝑃𝑃⁄  is known to be about 

0.19𝑚𝑚𝑒𝑒, [37] and it is argued that since the island density seen for Ag/SiO2 appears to 

be lower than for Ag/KBr, the adatom diffusion barrier for Ag/SiO2 should also be lower 

than 0.19𝑚𝑚𝑒𝑒. Finally, a more recent study used molecular dynamics to calculate 

𝐸𝐸𝐷𝐷,𝐴𝐴𝐸𝐸 𝑆𝑆𝑖𝑖⁄ 𝑂𝑂2 ≈ 0.2𝑚𝑚𝑒𝑒. [38,39] Together, these provide an estimated range for 𝐸𝐸𝐷𝐷,𝐴𝐴𝐸𝐸 𝑆𝑆𝑖𝑖⁄ 𝑂𝑂2 



11 
 

between 0.1 − 0.2𝑚𝑚𝑒𝑒. The present results indicate that 𝐸𝐸𝐷𝐷,𝐴𝐴𝐸𝐸 𝑆𝑆𝑖𝑖⁄ 𝑂𝑂2 is more likely to be at 

the lower end of this range, i.e., that Ag is highly mobile on SiO2, with a rate 

comparable to Ag/Ag(111) surface self-diffusion (0.067− 0.097𝑚𝑚𝑒𝑒 [40,41]).  

 

In this letter, we described a method to experimentally determine the elongation 

transition film thickness and verified this method for deposition of pulsed Ag vapor on 

SiO2. Experimental data in the deposition rate range 0.04− 0.6𝑀𝑀𝑀𝑀 𝑚𝑚⁄  for depositions 

performed at room temperature reveal the existence of two scaling exponents 𝜒𝜒 =

−0.30 and 𝜒𝜒 ≈ −0.05 for 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ∝ 𝐹𝐹𝜒𝜒, corresponding to coalescence-controlled and 

coalescence-free growth respectively. These exponents compare favorably with their 

theoretical predictions, 𝜒𝜒 = −1 3⁄  (coalescence-controlled) and 𝜒𝜒 = 0 (coalescence-

free), thereby resolving the ambiguity regarding the validity of Eqs. (1) and (2) to 

describe early morphological evolution of metals on weakly-interacting substrates. 

Hence, Eqs. (1) and (2) can be used as a solid frame of reference to fundamentally 

understand the dynamics of 3D island formation and growth on weakly-interacting 

substrates. Using the determined values of 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸, an estimate of the coalescence rate 

parameter 𝐵𝐵 = 1.82 × 10−27 𝑐𝑐𝑚𝑚4 𝑚𝑚⁄  and the adatom diffusion barrier 𝐸𝐸𝐷𝐷,𝐴𝐴𝐸𝐸 𝑆𝑆𝑖𝑖⁄ 𝑂𝑂2 = 0.085−

0.144𝑚𝑚𝑒𝑒 were calculated; both in good agreement with available literature values. Since 

experimental values of material properties (e.g. diffusion barriers) are lacking for many 

weakly-interacting film/substrate systems, the herein presented methodology could 

prove useful in the collection of such data to further explore the generality of the 

theoretical framework of 3D nucleation and growth beyond the model system (Ag/SiO2) 

used in this study. In practical terms, knowledge of the adatom diffusivity and 

coalescence rates, could facilitate more informed decisions regarding growth 

manipulation by, e.g., doping, surfactant action or tuning of the deposition rate and 
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growth temperature. This may be of relevance for a number of applications such as 

architectural glazing, [1] microelectronics, catalysis [2] and the metallization of 2D 

crystals, including graphene and MoS2. [3-5]  
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Fig. 1. Experimental data collected for templated films grown at different 𝐹𝐹𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 in (a) 

the coalescence-controlled regime and (b) the coalescence-free regime (𝐹𝐹𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇 values 

in the text are given rounded to the second decimal). Horizontal dashed lines indicate 

𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 from monolithic films of the different 𝐹𝐹𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇, coded in color and symbolically. 

Vertical dash-dotted lines indicate positions of maxima (a)) and minima (b)) taken to 

signify 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 for each dataset. (c) Summary of 𝜃𝜃𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶 and 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 determined in this work 

together with 𝜃𝜃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 from reference 16. Dashed lines indicate power law fitting of the 

data points in the two different growth regimes. The numbers indicate fitted slopes, i.e. 

the 𝜒𝜒-value of a 𝐹𝐹𝜒𝜒 function fitted to the data points. 

 

Fig. 2. Simulated 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 for two types of templated growth as a function of 𝜃𝜃𝑇𝑇𝑃𝑃𝑇𝑇𝑇𝑇, with 

𝐹𝐹1 = 25𝑀𝑀𝑀𝑀 𝑚𝑚⁄  and 𝐹𝐹2 = 0.25𝑀𝑀𝑀𝑀 𝑚𝑚⁄ . Horizontal dash-dotted lines indicate 𝜃𝜃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 for 

monolithic films at deposition rates 𝐹𝐹1 (~1 ML) and 𝐹𝐹2 (~3.3 ML). Island densities are 

shown in the inset for points A (solid) and B (dashed) as functions of the nominal film 

thickness. 
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FIG. 1  
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FIG. 2 
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