
Non-Equilibrium Adatom Thermal State Enables Rapid 
Additive Nanomanufacturing

Journal: Physical Chemistry Chemical Physics

Manuscript ID CP-ART-03-2019-001478.R1

Article Type: Paper

Date Submitted by the 
Author: 26-Apr-2019

Complete List of Authors: Henry, Matthew; Georgia Institute of Technology, Mechanical 
Engineering
Kim, Songkil; Pusan National University
Fedorov, Andrei; Georgia Institute of Technology George W Woodruff 
School of Mechanical Engineering; Georgia Institute of Technology, 
Parker H. Petit Institute for Bioengineering and Bioscience

 

Physical Chemistry Chemical Physics



1

Non-Equilibrium Adatom Thermal State Enables 

Rapid Additive Nanomanufacturing

AUTHOR NAMES

Matthew R. Henry I, †Songkil Kim I, *Andrei G. Fedorov I,II

CORRESPONDING AUTHOR

* AGF@gatech.edu

AUTHOR ADDRESS

I George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, 

Atlanta, GA 30332, USA

II Parker H. Petit Institute for Bioengineering and Bioscience, Georgia Institute of Technology, 

Atlanta, GA 30332, USA

PRESENT ADDRESS

† School of Mechanical Engineering, Pusan National University, Busan 46241, South Korea

CLASSIFICATION

Physical Sciences – Applied Physical Sciences

Page 1 of 25 Physical Chemistry Chemical Physics



2

ABSTRACT

A new state of radical thermal non-equilibrium in surface adsorbed molecules is discovered that 

enables rapid surface diffusion of energized adatoms with a negligible effect on the substrate 

surface temperature. Due to enhanced surface diffusion, growth rates can be achieved that 

improve the feasibility of many nanofabrication techniques. Since the adatom temperature cannot 

be directly measured without disturbing its thermodynamic state, the first principle hard-cube 

model is used to predict both the adatom effective temperature and the surface temperature in 

response to gaseous particle impingement in a vacuum. The validity of the approach is supported 

by local, spatially-resolved surface temperature measurements of the thermal response to 

supersonic microjet gas impingement. The ability to determine and control the adatom effective 

temperature, and therefore the surface diffusion rate, opens new degrees of freedom in 

controlling a wide range of nanofabrication processes that critically depend on surface diffusion 

of precursor molecules. This fundamental understanding has the potential to accelerate research 

into nanoscale fabrication and to yield the new materials with unique properties that are only 

accessible with nanoscale features.

SIGNIFICANCE STATEMENT

Gas jet impingement is used to activate strong non-equilibrium temperature states of adsorbed 

deposition precursor molecules on a vacuum surface. The Hard Cube Model (supported by 

experimental validation) is used to predict the effective adatom temperature, which can be 

applied to predict surface diffusion rates. Enhanced surface diffusion of adatoms is essential to 

efficient use of many nano-scale additive manufacturing techniques and gas impingement is a 

new method of growth acceleration.
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ARTICLE

1) INTRODUCTION

Nanoscale features provide access to unique and useful material properties that are not 

available to bulk materials.1,2 Three-dimensional additive nanomanufacturing down to an atomic 

scale structure and property control is enabled by Focused Electron/Ion Beam Induced 

Deposition (FEBID/FIBID).3 Growth rate, which is a key consideration in nanomaterial 

deposition, is typically governed by the precursor supply rate of surface adsorbed precursor 

molecules to the deposition site.4-6 The surface diffusion rate, which depends on the effective 

temperature of adsorbed molecules, is a critical consideration in enhancing the growth rate and 

resolution of FEBID, as well as many other nanoscale manufacturing techniques.7 In fact, a 

higher surface diffusion rate of adatoms increases epitaxial growth rates8 and improves 

deposition quality by preventing the dendrite formation that occurs in diffusion limited growth 

regimes.9,10 In our previous work, control of adatom diffusion has been identified as the critical 

step towards localized, direct-write n-doping of graphene.11 And non-equilibrium local thermal 

treatment of complex molecular clusters also opens interesting possibilities for driving self-

organization patterning behavior, phase separation, and modifying the surface binding and 

electrochemical state of mono- and multi- layers deposited via ion soft landing.12,13 Specifically, 

the structural re-arrangements of atomic/molecular ensembles linked through weak, non-covalent 

bonds may be altered using a locally induced state of thermal non-equilibrium through external 

stimulation via inert gas impingement, leading to directed molecular ordering and guided self-

assembly.14 Further, the diffusion rate can be modulated15,16 to adjust the resulting deposit 

properties, such as porosity and grain size.17 Conventionally, this is done by a bulk increase or 

decrease of temperature; however, recent experiments show that gas impingement at high 
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velocity onto the substrate in vacuum also modulates surface diffusion. What is intriguing is that 

in some cases gas impingement diminishes the adatom diffusion rate,18,19 whereas in other cases 

gas impingement significantly enhances transport of adsorbed molecules.9,20,21 Understanding of 

the fundamental mechanism for this shift in observed behavior is lacking, and it negatively 

impacts our ability to predict and control the nanostructure growth.

New modes of enhanced (or diminished) surface diffusion can be accessed via an externally 

applied thermally energized molecular beam that activates surface diffusion, without bulk 

heating of the substrate, by bringing adatoms into a state of strong thermal non-equilibrium with 

the surface. Since there is no way to directly measure the adatom temperature without perturbing 

its intrinsic thermodynamic state, the only alternative is to rely on the predictions using a suitable 

model that captures the key physics of interactions and validating it by comparison to carefully 

designed benchmark experiments. To this end, the conceptual framework of the classical hard-

cube model (Figure 1.a) is adopted here but modified to include three interacting layers 

(“bodies”) (Figure 1.b), such that the effective temperature of the “middle body”, the adatom, 

may be determined. In the classical hard-cube model, the tangential velocity of an impinging 

particle is conserved, and the velocity normal to the surface is used in an elastic collision with a 

surface adsorption site to determine the post-collision particle energy. The original formulation 

of the hard-cube model predicts the sticking coefficient of precursor deposition molecules to the 

substrate by comparing the post-collision particle energy to the adsorption energy.22,23 Here, we 

add an important new dimension to the model to enable prediction of the adatom and surface 

temperatures in response to energized gas impingement. Predictive power of the modified hard-

cube model is verified by comparison to the microscopically local measurements of complex 

heating and cooling patterns of the substrate in response to supersonic gas jet impingement. The 
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use of the local jet can also bring the surface adsorbed precursor molecules into an excited 

thermodynamic state, far from equilibrium with the substrate surface, which is favorable for 

locally controlled nanofabrication. For example, modulation of the surface adsorbed precursor 

state by a supersonic inert gas jet in FEBID shows an enhancement of the surface adsorbed 

precursor diffusion rate (and therefore the nanostructure growth rate) by 10x,20 which as we 

predict in this paper is indicative of substantially elevated adatom temperature with minimal 

impact on the substrate temperature. Predictions by the modified hard-cube model reveal the 

mechanism for bringing the molecular precursor to a state of thermal non-equilibrium with the 

surface with significant beneficial effects, such as enhanced growth rate and improved deposit 

morphology and structure for many nanofabrication techniques that rely on the optimal state of 

the surface adsorbed precursor.24
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Figure 1: (a) The classical hard-cube model is based on the elastic binary collision between 

the impinging particle and the impingement site modeled as a hard cube. Post-collision 

velocities are explicitly calculated from initial velocities by conservation of momentum and 

energy. Changes in impingement particle velocity determine the sticking coefficient and the heat 

flux to the adsorption site. (b) The modified hard-cube model applies the same approach between 

the impingement particle and adsorbed molecule and between the adsorbed molecule and the 

adsorption site.

2) MATERIALS AND METHODS

2.1) Experimental Measurements of Surface Temperature

In order to validate the utility of the hard-cube model in determining the adsorption layer 

(adatom) temperature, its predictions of the surface temperature response to a gas jet are 

compared against spatially-resolved local temperature measurements. In vacuum, the magnitude 

of the thermal response is limited by the thermal conductivity of the substrate. Borosilicate glass, 

which has a low thermal conductivity, is selected to increase thermal sensitivity to gas 

impingement. A resistive thermal device (RTD) of dimensions 20μm by 20μm was fabricated on 

the substrate with deposition of a 10nm chromium/35nm platinum high electrical resistance 

serpentine pattern supported by low resistance legs, which is covered by a thin layer (~10nm) of 

silicon dioxide to protect the RTD from oxidation. The RTD response was calibrated in a 

controlled temperature oven, showing the expected linear behavior of metal electrical resistance 

vs temperature. During measurements, the substrate is mounted to a nano-scale positioning table 

in a scanning electron microscope (SEM) vacuum chamber such that the RTD position relative to 

the gas jet can be directly controlled as indicated in Figure 2.a and b. Data are collected in steps 

of 20μm (equal to the effective size of the “measurement point”) to map the thermal response 
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profile over the 2D surface. Measurement at each RTD position stabilizes to quasi-steady state in 

sub-second time, which indicates that the heat flux to the substrate and the far-field ambient 

temperature of the substrate can be considered steady-state at each data point.

Figure 2: (a) A schematic side-profile of the RTD translation range illustrates how the RTD is 

positioned to collect thermal response data at different locations relative to the gas jet. (b) The 

SEM top-view image shows the RTD position as the substrate moves relative to the nozzle along 

the jet centerline position. The RTD thermal response (above the ambient equilibrium 

temperature when the jet is off) is collected for (c) a 7.25 ± 0.1 sccm oxygen gas jet with a 10μm 

and 20μm vertical offset between the nozzle tip outer diameter and the substrate and (d) an 

oxygen gas jet at various flow rates (in sccm) with a 20μm offset between the nozzle and the 

substrate. RTD temperature measurement uncertainty is ± 0.002K.
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During measurements, the gas jet nozzle is mounted at a 45° tilt from the surface normal and 

the 138μm outer diameter edge is offset 20μm above the substrate. Gas jet exits the 75μm inner 

diameter nozzle at sonic velocity in the continuum choked flow regime at a stagnation 

temperature equal to the substrate far-field temperature. Detailed 2D surface maps of RTD 

measurements are collected for argon gas jets at 4.25 ± 0.14 and 7.00 ± 0.14 sccm flow rate with 

exit Knudsen numbers (defined by the ratio of the mean free path of gas molecules to the nozzle 

inner diameter) of 0.009 and 0.005, respectively, and an oxygen gas jet of 7.25 ± 0.1 sccm with a 

Knudsen number of 0.006 (Supporting Information). Representative centerline temperature 

profiles for the oxygen gas jet at varying flow rates are shown in Figure 2.c. The peak 

differential thermal response, defined relative to the equilibrium far field substrate temperature, 

occurs in the slip flow regime between 1.00 and 2.00 sccm with Knudsen numbers 0.04 and 0.02, 

respectively. At lower flow rates (not shown due to lesser relevance), the thermal response 

diminishes due to the diminished gas particle impingement rate to the substrate. At higher flow 

rates, the effect of isentropic acceleration is diminished due to the formation of a stagnation gas 

buffering region above the substrate surface. In Figure 2.d, centerline differential temperature 

profiles are presented for the oxygen gas jet of 7.25 sccm with vertical offsets of the nozzle tip 

from the substrate of 10μm and 20μm. The thermal response profiles are comparable, but shifted 

by an average of 0.2K. The higher surface temperature at the greater offset distance is due to a 

slightly increased path length for isentropic expansion, resulting in the increased peak 

impingement velocity and increased kinetic energy delivered to the surface.

2.2) Prediction of Surface Temperature by the Hard-Cube Model in Combination with DSMC

In order to predict the surface temperature response to a gas jet, the distribution of gas particle 

impingement to the surface and the velocity distribution at each surface location must be 
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determined. The Direct Simulation Monte Carlo (DSMC) method was applied to simulate the gas 

flows for the experimental configurations. Each simulation compiled a log of every particle that 

impinged upon the substrate, its velocity orthogonal to the substrate, its location on the substrate, 

and its time of impact. This information is then sorted into finite substrate elements of 

10μm×10μm, based on the surface scanning step size used in the experiments, which provides the 

gas impingement rate for each substrate element. Particles in each element are then sorted into a 

velocity histogram. The expected form of a velocity distribution orthogonal to the substrate is 𝑔

 where f(V0) is the Gaussian distribution (𝑉0) = 𝑐( ― 𝑉0)𝑓(𝑉0) exp[ ― (𝑉0 ― 𝜇)2
2𝜎2

𝑔𝑎𝑠] 2𝜋

, and it is weighted by a particle’s orthogonal velocity V0 towards the substrate. This 𝜎𝑔𝑎𝑠

equation is fitted to each sampled velocity histogram via least squares to obtain the distribution 

parameters c, μ, and σ, where μ indicates the mean orthogonal velocity of gas and the standard 

deviation σ indicates the gas temperature immediately above the substrate. The rate of 

impingement, mean orthogonal velocity, and gas temperature are used as the inputs to the hard-

cube model to predict the substrate thermal response.23

The velocity distribution of gas particles adjacent to the substrate is defined by the Gaussian 

distribution based on the parameters obtained via DSMC. However, the particles that collide 

with a surface adsorption site are accelerated by addition of the adsorption energy Eads according 

to Equation 1.23 With reference to Fig. 1, the probability distribution g(V1) of particles impinging 

upon the substrate can be expressed as f(V0) weighted by the relative velocity between a particle 

and a surface adsorption site (requiring that V2> V1) and by the probability distribution g(V2) of 

the surface adsorption site velocities that are being impinged upon by gas particles, as indicated 

by Equation 2. By symmetry, g(V2) is given in Equation 3 where 𝑓(𝑉2) = exp

 is the Gaussian velocity distribution of surface adsorption sites [ ― 𝑉2
2 2𝜎2

𝑠𝑢𝑟𝑓𝑎𝑐𝑒] 2𝜋𝜎𝑠𝑢𝑟𝑓𝑎𝑐𝑒
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and σsurface is the standard deviation of velocity, which is dependent on the surface temperature 

Tsurface and its equivalent mass meq.

(1)
1
2𝑀1𝑉2

0 + 𝐸𝑎𝑑𝑠 =
1
2𝑀1𝑉2

1

(2)𝑔(𝑉1) = ∫(𝑉2 ― 𝑉1)𝑓(𝑉0)𝑔(𝑉2)𝑑𝑉2

(3)𝑔(𝑉2) = ∫(𝑉2 ― 𝑉1)𝑓(𝑉2)𝑔(𝑉1)𝑑𝑉1

 Since a surface adsorption site is elastically coupled to the rest of the substrate, it is modeled 

by an equivalent mass somewhat greater than the actual adsorption site mass and is typically 

increased by a factor between one and two.25 Earlier implementations of the classical hard-cube 

model used a factor of three.22 Since this is the least defined parameter, its impact is considered 

in the uncertainty of all results. The post-collision velocity of the impinging particle is calculated 

in Equation 4 where μ is the ratio of impinging particle mass to the substrate hard-cube mass. 

This is used to determine how much energy is transferred to the substrate and whether the post-

collision particle energy is greater than the adsorption energy. If the particle final energy is 

greater than Eads, then the sticking coefficient is zero for the particular V1 and V2 pairing; 

otherwise it is one.23 Integrating the energy delivered and the sticking coefficient across all 

surface adsorption site velocities and all impinging gas particle velocities provides both the 

average energy Eavg delivered per particle (Equation 5) and the sticking coefficient S at the given 

substrate element (surface site). The energy captured by the substrate due to a particle sticking is 

neglected because it is equal, on average, to the energy released in desorption when the rate of 

adsorption is equal to the rate of desorption (quasi-steady-state). 

(4)𝑉I
1 =

𝜇 ― 1
𝜇 + 1𝑉1 +

2
𝜇 + 1𝑉2
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(5)𝐸𝑎𝑣𝑔 = ∫∫0.5𝑀1(𝑉2
1 ― 𝑉 * 2

1 )𝑔(𝑉1)𝑔(𝑉2)𝑑𝑉1𝑑𝑉2

In the case of single-layer adsorption, the fraction of occupied surface adsorption sites θ is 

given by Equation 6 where P is the local impinging gas pressure, the rate constants of adsorption 

and desorption are  and , respectively, and d is the number 𝑘𝑎𝑑𝑠 = 𝑟𝑎𝑑𝑠 𝑃(1 ― 𝜃)𝑑 𝑘𝑑𝑒𝑠 = 𝑟𝑑𝑒𝑠 𝜃𝑑

of adsorption sites per unit area. The rates of adsorption  and desorption 𝑟𝑎𝑑𝑠 = 𝑆(1 ― 𝜃)(𝐽𝐴) 𝑟𝑑𝑒𝑠

 are defined in terms of the rate of gas particle impingement = 𝜃𝐴𝑑𝜐·𝑒𝑥𝑝( ― 𝐸𝑎𝑑𝑠
𝑀1 𝑘𝐵𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒)

per unit area J, the site surface area A, and the desorption attempt frequency υ.23,26 Consolidating 

terms allows the fraction of occupied surface adsorption sites to be expressed as follows:

(6)𝜃 =
(𝑘𝑎𝑑𝑠 𝑘𝑑𝑒𝑠)𝑃

1 + (𝑘𝑎𝑑𝑠 𝑘𝑑𝑒𝑠)𝑃
→

𝑆𝐽𝑒
𝐸𝑎𝑑𝑠

𝑀1 𝑘𝐵𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑑𝜐 + 𝑆𝐽𝑒
𝐸𝑎𝑑𝑠

𝑀1 𝑘𝐵𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒

If the region of gas impingement to the surface is approximated as a disk of diameter D and 

uniform surface temperature Tsurface, then the rate Q2 of thermal energy dissipated from that disk 

into the substrate is given by Equation 7 where k is the thermal conductivity of the substrate 

material.27 However, neither the temperature nor the impingement rate is uniform over the disk 

area. In order to compare the heat flux delivered by the gas jet to the heat flux dissipated into the 

substrate, analysis of each finite substrate element is considered as though the local impingement 

rate and the impingement velocity distribution are representative of the entire impingement 

region. The diameter of the equivalent disk region is calculated from the total area with an 

impingement rate greater than half the maximum jet impingement rate; this is approximately 

100μm in our experiments. The rate Q1 of energy delivered by the gas jet to the disk area 

(representing a specific finite surface element) is indicated in Equation 8. Since quasi-steady-

state measurements are achieved within a sub-second response time of moving to a new finite 
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substrate element, Q1 must equal Q2, which allows prediction of the local surface temperature 

Tsurface.

(7)𝑄2 = 2𝐷
Shape Factor

𝑘(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ― 𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒)

(8)𝑄1 = 𝐽(𝜋𝐷2 4)
Area

(1 ― 𝜃)
Available Sites

𝐸𝑎𝑣𝑔

The thermal conductivity of the borosilicate glass substrate is . The bulk number 𝑘 = 1.2𝑊 𝑚𝐾

density of silicon dioxide groups is , which yields the density of surface 𝑛 = 2.24 × 1018𝑚 ―3

adsorption sites in the surface layer as . The adsorption energies and 𝑑 = 𝑛2 3 = 7.93 × 1018𝑚 ―2

vibrational frequencies are calculated based on the Lennard-Jones 12-6 potential parameters in 

Table 1, which is an appropriate model for closed-shell physisorption bonds. Specific pairings 

between components are calculated via the customary Lorentz-Berthelot mixing rules. The 

desorption attempt frequency is calculated by equating the parabolic term of the 12-6 potential 

curve to a spring model in order to identify the approximate spring stiffness 𝑘𝑠 = 72𝐸𝑎𝑑𝑠 21 3

 and the frequency .𝜎2
𝐿 - 𝐽 𝜐 = (𝑘𝑠 𝑚)1 2

2𝜋

Table 1: Lennard-Jones 12-6 Potential Parameters

Material Phase* Eads [J] σL-J [m]

Silicon Dioxide28

Argon29

Oxygen29

Tungsten Hexacarbonyl29

S-S

G-G

G-G

G-G

9.972×10-22

1.654×10-21

1.695×10-21

4.317×10-21

3.265×10-10

3.405×10-10

3.382×10-10

3.400×10-10

*S-S denotes solid phase, G-G denotes gaseous phase
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2.3) Assumptions and Limitations

We focus our attention on the most general case when the adatoms are weakly thermally 

coupled to the surface, i.e., the case of the adsorbate able to exist in externally-induced thermal 

non-equilibrium rather than being held in thermal equilibrium with the surface. The possibility of 

this thermally energized adatom state is evidenced by the fact that surface diffusion can be 

drastically enhanced with an inert gas jet impingement without significantly affecting the surface 

temperature.20 The effective adatom temperature and the degree of thermal non-equilibrium 

relative to the surface depend on the relative influence of the particle impingement rate driving 

particle-adatom excitation versus the rate of adatom-surface thermal relaxation. To make 

problem analytically tractable, several simplifying assumptions are used for calculating the 

surface and adatom temperatures along with several approximations in treating the interlayer 

energy exchange. The first approximation is that tangential energy exchange between a particle 

and an adsorption site is negligible. This is generally considered to be true,23 but becomes invalid 

when the tangential velocity component becomes significantly greater than the orthogonal 

component. The impingement collisions are considered to be fully elastic, and other modes of 

energy transfer are not expected due to the absence of appreciable surface heating and the 

absence of the impingement-induced adatom dissociation and chemical reactions. The adatom 

element corresponds to a monolayer; situations involving multi-layer adsorbates must account 

for the multiple layers and require the molecular dynamics simulations. The region of thermal 

response to the jet impingement is approximated as a disk in order to calculate the heat 

dissipation into the substrate. In treating a non-uniform temperature across the disk surface, 

lateral thermal interactions between adjacent adatoms are ignored (quasi-1D interactions), but 

accounting for 3D heat spreading by conduction from the disk impingement area into the 
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substrate. Each adatom element in the impingement zone is evaluated by assuming that its 

temperature and particle impingement rate can be represented as uniform over the entire area of 

the disk to be consistent with the treatment of uniform heat flux due to the spreading into the 

substrate across the entire disk. 

2.4) Hard-Cube Model Validation

The RTD measured and hard-cube predicted surface temperature responses to the 7.00 sccm 

argon gas jet and 7.25 sccm oxygen gas jet are compared in Figure 3. The coupled DSMC-Hard-

Cube predictions capture both the magnitude and complex features (transition between cooling 

and heating) of the surface RTD measurements. In the region farthest from the nozzle, the model 

predicts a ΔT that vanishes to zero, while the experimental results maintain a value of 0.2K. In 

this region, the impingement rate is low, and no thermal response is expected. However, the gas 

is accelerated to its near terminal velocity, and the direction vector of mean velocity is nearly 

tangent to the surface. Consequently, the tangential velocity component that the hard-cube model 

neglects,23 becomes the dominant contributor to surface thermal energy transfer, and its effect is 

not captured by the model due to its quasi 1D nature. In the region directly under the nozzle, the 

model and experimental measurements indicate a slight cooling effect. Particles that reach this 

region of the surface must depart from the jet centerline at an abrupt angle, resulting in a 

diminutive mean velocity as compared to other regions of the gas jet. Consequently, the 

temperature of gas particles is significantly reduced from the stagnation temperature. The 

resultant total root-mean-square velocity of impingement gas particles corresponds to a lower 

than ambient temperature, which cools the surface. The model results in Figure 3 are predictions 

for an equivalent mass factor of 1.5, and results generated with factors of one and two are 
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indistinguishable from the reported results, which indicates low sensitivity of the surface 

temperature on the equivalent mass of the surface adsorption site.

Figure 3: RTD measurements and coupled DSMC-Hard-Cube model predictions are 

compared for (a) 7.00 ± 0.1 sccm argon gas jet and (b) 7.25 ± 0.1 sccm oxygen gas jet. (1) The 

cross-section view of the centerline pressure field from DSMC shows a stagnation gas cluster 

forming at the region of interest for heating and cooling at the surface. (2) Surface maps of the 

thermal response directly compare model predictions with RTD measurements. (3) Centerline 

profiles of the thermal response show that the model predictions capture the magnitude and 

behavior of the RTD measurements with the exception of the far-field deviation where 1-D hard-

cube model is not valid. RTD temperature measurement uncertainty is ± 0.002K.
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2.5) Prediction of Adatom Temperature by the Modified Hard-Cube Model

The modified hard-cube model is next applied to predict the adsorption layer temperature. In 

the same manner that the surface temperature was determined by adjusting the adsorption site 

temperature such that the energy supplied by gas impingement and heat dissipated into the 

substrate are balanced, the adsorption layer temperature is determined by adjusting the adatom 

temperature such that the energy of impinging gas molecules transferred to the adsorption site is 

equal to the heat rejected from the adatom to the substrate. Thus, as indicated in Figure 1.b, the 

hard cube in the modified hard-cube model is the adsorbed molecule. Since the adatom is weakly 

bound to the substrate, its equivalent mass factor is one. The average energy, identified here as 

E1, delivered to an adatom from a gas particle is given by Equation 5. The rate of energy 

delivered to the adatom depends on the average energy delivered per impingement particle E1 

and the impingement rate to the adatom J, as indicated in Equation 9.

(9)𝑞1 = (𝐽 𝑑)𝐸1

Regarding the thermal energy transfer from the adatom to the substrate, there are three 

possibilities. The first possibility is that the adatom undergoes an elastic collision with the 

substrate at a frequency  corresponding to the adatom’s vibrational frequency. This is a limiting 

case in which the high frequency of energy exchange forces the adatom to equilibrate to the 

surface temperature. However, in contrast to an impinging particle, which does undergo an 

elastic collision with the surface, an adsorbed particle oscillating at the trough of an energy well 

is not colliding with the surface. Since the adatom is expected to be in a highly non-equilibrium 

state relative to the surface, the vibrational energy exchanged between adatoms and the surface 

adsorption site is negligible relative to other factors. The second possibility is that the adatom 

exchanges no energy with the surface adsorption site. This is the other limiting case, in which the 
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adatom equilibrates with the impinging gas particles. In the third possibility, the impinging gas 

particles are driving adatoms to collide with adsorption sites at the frequency of gas particle 

impingement. These three possibilities are represented by Equation 10, where E2 is the average 

hard-cube energy transfer from the adatom to the surface adsorption site as determined by 

Equation 5. Since the adatom is residing in the surface energy well, surface adsorption 

interactions cannot accelerate adatom motion and its Gaussian velocity V0 distribution is 

therefore the same as that of the impinging particles, i.e. .𝑉1 = 𝑉0

(10)𝑞2 = { 𝜐𝐸2 Limit of 𝑇𝑎𝑑𝑎𝑡𝑜𝑚 = 𝑇𝑆
0 Limit of Complete Decoupling

(𝐽 𝑑)𝐸2 Impingement Driving Frequency

As an example relevant to nanofabrication applications for e-beam direct-write of 

nanostructures (FEBID), the adsorption layer temperature is predicted for tungsten hexacarbonyl 

precursor molecules introduced with an argon carrier gas jet with the flow rate of 4.25 sccm as 

indicated in Figure 4. The predicted and measured surface excess temperatures ΔTs are compared 

in Figure 4.b and c for the borosilicate glass substrate used in the hard-cube model validation 

experiments. In nanostructure growth experiments, a silicon dioxide layer is deposited on a 

silicon substrate ( ).24 While the peak thermal response for such a substrate is 𝑘 = 148𝑊 𝑚𝐾

predicted to be less than 0.01K, the expected effective temperature of adsorbed tungsten 

hexacarbonyl is given in Figure 4.d, along with the predicted precursor sticking coefficient in 

Figure 4.e. Importantly, within the region of elevated gas particle impingement rate, the adatom 

experiences a significant temperature rise ΔT (anywhere between 35K and 130K depending on 

the strength of molecular interactions between the adsorbed molecules and substrate), which is 

consistent with the experimentally observed enhanced surface diffusion and an increase in the 

growth rate.24 Outside this region, the adsorption layer temperature is predicted to drop below the 
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substrate temperature, suggesting diminished surface diffusion. However, due to the diminished 

impingement frequency outside the gas jet impact region, the adatom-surface relaxation is 

expected to become dominant over particle-adatom excitation, leading to rapid equilibration of 

the adatom and surface temperatures, which is a trivial limiting case of the hard-cube model 

application. Additionally, the applicability of the quasi-1D treatment of adatom-surface 

interactions diminishes in this region due to the increased significance of tangential velocity.

Figure 4: (a) The cross-section view of the centerline pressure field predicted by DSMC for an 

argon jet at the flow rate 4.25 ± 0.14 sccm shows a stagnation gas cluster forming at the region 

of interest for heating and cooling at the surface. (b) Surface maps of the thermal response 

directly compare the modified DSMC-Hard-Cube model predictions with RTD measurements 

using the borosilicate glass substrate coated with a silicon dioxide surface layer. (c) Centerline 

profiles of the thermal response show that the model predictions capture the magnitude and 
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behavior of the RTD measurements. (d) The three possible scenarios for interaction strength 

between an adsorbed layer and the surface/substrate yield temperature predictions for tungsten 

hexacarbonyl adatoms, showing significant non-equilibrium between the substrate and adsorbed 

precursor molecules. (e) The sticking coefficient of tungsten hexacarbonyl onto silicon dioxide 

for an expected variation range of the surface adsorption site equivalent mass, showing an 

excellent agreement of the predicted sticking coefficient magnitude to the single-point 

measurement from the literature.30 RTD temperature measurement uncertainty is ± 0.002K.

When tungsten hexacarbonyl, a precursor for tungsten metal deposition, is injected as a 

minority species in a continuum flow carrier gas its particle velocities approximately match the 

carrier gas particle velocities.31 Therefore, the argon jet impingement velocity distributions 

generated by DSMC are used to calculate the tungsten hexacarbonyl sticking coefficient via the 

hard-cube model. As indicated in Figure 4.e, the equivalent mass factor has a significant impact 

on the sticking coefficient but does not preclude meaningful estimation of the sticking 

coefficient. The sticking coefficient predicted via the hard-cube model is consistent with an 

experimentally determined sticking coefficient for tungsten hexacarbonyl on a silicon dioxide 

surface.30

3) CONCLUSIONS

In summary, we have developed a hybrid DSMC-Hard-Cube model for predicting the local 

temperature of an adsorbed layer suitable for application under non-equilibrium conditions. The 

model was verified through detailed microscopic measurements of the thermal response of a 

surface subjected to supersonic gas jet impingement in vacuum. Further, by considering data 

from the FEBID nanostructure growth experiments, we showed that the model can be applied to 

predict the effective adsorption layer temperature and its impact on the precursor molecular 
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surface diffusion rates. Since the predicted adatom temperature has little dependence on the 

equivalent mass factor, and all other parameters are readily determined from the first principles, 

the described method should enable making quantitative predictions for other solid/adsorbate 

pairs in vacuum with no use of empiricism. Using the model, we show that adatom heating by 

supersonic gas jet impingement creates a unique opportunity to access modes of enhanced 

surface diffusion without bulk substrate heating within a spatially confined domain, which is 

essential for achieving high growth rate and high resolution of additive nanofabrication. 

Ultimately, the ability to predict the sticking coefficient and adatom effective temperature 

(diffusion rate) can be combined with the precursor surface transport equation4 to enable 

development of CAD tools for emerging atomic scale fabrication techniques.3,5,6

SUPPORTING INFORMATION

The full 2D surface maps of the collected RTD measurements are available in the Supplementary 

Information.
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