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a b s t r a c t 

Complex three-dimensional microstructural patterns arise during deposition of immiscible alloys and 

their morphologies depend sensitively on alloy composition, deposition rates and substrate temper- 

atures. Using phase field simulations, we construct a microstructure morphology map in a multi- 

dimensional space of material properties and processing parameters. We consider simultaneous effects 

from temperature-dependent surface and bulk diffusivities and thermodynamic driving force for phase 

separation, temperature- and composition-dependent interphase boundary and surface energies, as well 

as alloy composition, substrate temperature and deposition rate. The microstructural patterns and mor- 

phological transition sequences in as-deposited films revealed by the microstructure map are validated 

using experimental data from sputtered Cu-Mo alloy films as well as from other systems. Such a mi- 

crostructural map can guide synthesis of three-dimensional compositionally modulated nanostructures 

via self-organization during deposition of immiscible alloy films. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Thin films with periodic concentration modulations (CM) have 

ttracted considerable attention lately because of technological ap- 

lications found in, for example, field-effect transistors [1] , pho- 

odetectors [2] , energy storage [3] , and phase change random ac- 

ess memory [4] . Films with vertical CM (VCM, where vertical 

efers to the direction that is perpendicular to the film, i.e. , paral- 

el to the growth direction) and lateral CM (LCM) have been shown 

o exhibit unique electronic band structures, electrical carrier mo- 

ility and phase transformation characteristics. They offer tremen- 

ous benefits for the design of functional devices with large exci- 

onic effect, bandgap modulation, indirect to direct bandgap tran- 

ition, piezoelectricity and valleytronics [ 5–7 ]. They also exhibit 

ovel structural properties and radiation damage tolerance behav- 

or [ 8 , 9 ]. 

Fabrication of CM films by alternating deposition can hardly 

ontrol the modulation wavelength and film morphology in three 

imensions (3D). On the other hand, phase separation during co- 

eposition of immiscible alloy films with a large positive enthalpy 
∗ Corresponding authors. 
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f mixing enables low-cost batch fabrication of self-organized 3D 

anoscale morphological patterns [ 10 , 11 ] and has been utilized 

idely in producing films with various uniform spatial CM pat- 

erns having desired physical properties [ 12–15 ]. Depending on the 

oncave downward part of the free energy surface in either the 

ompositional space, structural space, or both, the phase separa- 

ion may occur by either the spinodal decomposition (isostruc- 

ural) or de-mixing (heterostructural) mechanism. Previous stud- 

es have demonstrated that the development of directional CM 

atterns is determined by the interplay between phase separa- 

ion kinetics and film deposition rate and substrate temperature 

 16–20 ], which have been utilized successfully in the design of 

elf-organized CM films in various devices [ 21 , 22 ]. According to 

he theoretically predicted “isothermal microstructure map” [18] , 

he spinodal decomposition process during co-deposition could 

e controlled in the processing parameter space to produce vari- 

us microstructural patterns via morphological transition from one 

ype to another. 

A number of recent investigations have highlighted morpholog- 

cal control in co-deposited thin films at different deposition tem- 

eratures. Nano-lamellar TiN/AlN films and multilayer TiO 2 /VO 2 

lms have been prepared via spinodal decomposition at 800 °C, 
t which bulk diffusion is relatively slow in these ceramic systems 

15] . Derby et al. [ 16 , 23 ] showed that Cu-Mo films with all three
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ypes of CM microstructures, i.e. , VCM, LCM and random concen- 

ration modulation (RCM) structures can be fabricated under the 

ame deposition rate, e.g. , 1.4 nm/s, but at different temperatures. 

ie et al . reported [24] a series of self-organized binary immisci- 

le Cu-X (X:W, Mo, Nb, V, Cr, Al) films with VCM structures pre- 

ared at low temperatures. These experimental studies represent 

n uncharted territory for theoretical modeling and computer sim- 

lations because the “isothermal microstructure map” developed 

n the literature [18] , without considering the temperature effect, 

annot be applied to these cases. For example, according to the 

sothermal microstructure map [18] , the VCM formation requires 

 relatively fast rate of phase separation (compared to the depo- 

ition rate) via bulk diffusion [ 18 , 25 ], which is most unlikely to

e the case at low temperatures because the sluggish bulk dif- 

usion and faster surface diffusion may not be able to give rise 

o the precursory “chessboard structure” that leads to VCM after 

oarsening. Cu-X (where X is a BCC refractory metal) binary alloys 

ave rather small interdiffusivities (10 −16 ∼10 −13 cm 
2 /s from 500 

o 700 °C) in bulk at low deposition temperatures [26] . Thus, the 

ormation mechanisms of VCM in Cu-X films at low temperatures 

annot be explained by the mechanisms revealed by the isother- 

al microstructure map either. Furthermore, the fast bulk diffu- 

ion at high temperatures could enhance coarsening and interrupt 

he continuous growth of LCM along the film growth direction. A 

ore recent study [27] did consider the surface diffusion effect, 

ut came short of predicting the VCM structure at low tempera- 

ures. 

During co-deposition, mechanically mixed alloy layers are con- 

inuously added on the surface of a growing film, which subse- 

uently undergo phase separation. Thus, the deposition rate deter- 

ines the thickness of freshly added surface layers. The kinetics of 

hase separation relative to the deposition rate is extremely sensi- 

ive to the substrate temperature. Using a regular solution model 

s an example, which characterizes an alloy system with of a 

iscibility gap, the temperature-dependent free energy hump be- 

ween the two equilibrium compositions reflects the driving force 

or spinodal decomposition. The lower of the temperature, the 

igher of the free energy hump and hence the larger of the driv- 

ng force for phase separation. However, both bulk and surface dif- 

usivities are significantly lower at low temperatures, thereby lim- 

ting the kinetics of phase separation during deposition. Further- 

ore, the bulk diffusivity becomes significantly lower than the sur- 

ace diffusivity at low temperatures, which may alter the evolu- 

ion pathway for CM development. In previous models, the tem- 

erature dependences of the thermodynamic driving force and ra- 

io of surface vs. bulk diffusivities were not considered. Therefore, 

hese models may not be able to capture surface-diffusion-, bulk- 

iffusion- or mixed surface-diffusion + bulk-diffusion-controlled 

hase separation processes, and thus the true balance between 

hase separation kinetics and deposition rate that determines the 

xperimentally observed CM patterns. At the same deposition rate, 

ulk-diffusion will dominate the phase separation kinetics at high 

emperatures while surface diffusion will make significant contri- 

utions to the phase separation process. In addition, when the two 

hases have different surface energies, the phase with lower sur- 

ace energy will prefer to form at the film surface [28] . This effect

rives interdiffusion of atoms in the vertical direction (perpendic- 

lar to the film) in the surface and subsurface layers and gives rise 

o a VCM structure [29] . 

In this study, using a combination of phase field simulation 

nd experimental characterization of sputtered immiscible alloy 

lms, we investigate morphological pattern formation and transi- 

ion during film deposition in a multi-dimensional space of mate- 

ials and processing parameters, including temperature-dependent 

urface and bulk diffusivities, temperature-dependent thermody- 

amic driving force for phase separation, as well as temperature- 
2 
nd composition-dependent interfacial and surface energies. Based 

n the simulation results, the relationships among the types of CM 

atterns and the deposition rate, deposition temperature and alloy 

omposition are established and documented in a microstructure 

ap that is then validated against the experimental data. Similar 

o phase diagrams and TTT/CCT diagrams for alloy microstructure 

esign, such a microstructure map is useful for the design of self- 

rganization of CM patterns during deposition of immiscible alloys. 

. Methods 

.1. Phase-field model 

For simplicity and without losing generality, we consider an A- 

 binary system with a miscibility gap. A structural order param- 

ter η is introduced to distinguish solid from vapor, with η= 0 

nd η= 1 representing the vapor and solid phases, respectively, 

nd 0 <η< 1 representing the film surface . Assuming no lattice mis- 

atch between the two co-existing phases ( i.e. , no coherency elas- 

ic strain), the total free energy of the system can be formulated 

n the basis of the gradient thermodynamics [30] : 

 = 

∫ 
V 

{ 

f ( c, η) + 

κc 

2 
∇ 

2 c + 

κη

2 
∇ 

2 η
} 

d V (1) 

here c is the solute concentration and κc and κη are the gradi- 

nt energy coefficients for concentration and structure order pa- 

ameters, respectively. f ( c, η) = h ( η) G 
chem + (1- h ( η)) G 

gas is the

ocal chemical free energy with h ( η) = η4 /4 - η3 /3, G 
chem is ap-

roximated by a regular solution model and can be written as: 

 
chem = RT (c ln (c) + (1 − c) ln (1 − c)) + L mix c(1 − c) , where R is the

as constant, T is temperature and L mix is the enthalpy of mix- 

ng. G 
gas is the free energy of the vapor phase, approximated by 

 parabola, i.e., G 
gas = ( c - c 

g 
0 
) 2 . 

The temporal evolutions of the structural order parameter field 

nd concentration field during film deposition and phase separa- 

ion processes are governed respectively by the Allen-Cahn and 

ahn-Hilliard equations [ 31 , 32 ]: 

∂η

∂t 
= −L 

(
∂ f 

∂η
− κη∇ 

2 η

)
(2) 

∂c 

∂t 
= ∇ 

[
M ( c, η) ∇ 

(
∂ f 

∂c 
− κc ∇ 

2 c 

)]
(3) 

here M ( η) = ηM b + (1- η) M s is the chemical mobility. The mobili-

ies in the bulk and surface area, M b ( c ) and M s ( c ), can be obtained

y the inter-diffusivities, i.e. , 

 b ( c, T ) = 

D b ( c, T ) 

∂ 2 f / ∂ c 2 
(4) 

 s ( c, T ) = 

D s ( c, T ) 

∂ 2 f / ∂ c 2 
(5) 

here ˜ D b ( c, T ) = cD 
A 
b 
(T ) + ( 1 − c ) D 

B 
b 
(T ) and ˜ D s ( c, T ) = cD 

A 
s (T ) +

 1 − c ) D 
B 
s (T ) with D 

i 
b 

and D 
i 
s ( i = A,B) representing intrinsic-

iffusivities of component i in the bulk and at the surface, respec- 

ively. For simplicity, D 
A 
b 
(T ) = D 

B 
b 
(T ) = D b (T ) and D 

A 
s (T ) = D 

B 
s (T ) =

 s (T ) were assumed. The temperature-dependences of the bulk 

nd surface diffusivities are described by the Arrhenius-type re- 

ationships, i.e. , D b (T ) = D 
0 
b 
exp ( E b /RT ) and D s (T ) = D 

0 
s exp ( E 

s /RT ) ,

here D 
0 
s and D 

0 
b 
are the prefactors, E b and E s are the activation 

nergies of bulk and surface diffusion, respectively. The kinetic co- 

fficient, L , in Eq. (3) characterizes the deposition rate ( i.e. , growth 

ate of the film). 

The film deposition process is simulated by continuously ad- 

ancing a surface layer with an average composition of c and a 
0 



Y. Lu, B. Derby, H. Sriram et al. Acta Materialia 220 (2021) 117313 

Table 1 

The parameters used in the simulations. 

Enthalpy of mixing, L ∗
mix 

22000 /T + 18.16 

Gradient energy coefficient, κ∗
c κ

∗
η 1.0 

Dimensionless time step, �t ∗ 1.0 × 10 −3 

Grid size, nx × ny × nz 256 × 256 × 128 

Prefactor of bulk diffusivity, D 0 s 1 × 10 −10 

Prefactor of surface diffusivity, D 0 
b 

1 × 10 −6 

Activation energies of bulk diffusion, E b -15000 

Activation energies of surface diffusion, E s -4000 

Equilibrium composition of gas, c g 
0 

0.5 
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tructural order parameter of η= 1 in the growth direction. Under 

onstant surface energy and given local chemical free energy f ( c, η), 
he surface layer thickness is controlled by the gradient energy 

oefficient, κη . A 3-dimensional (3D) system is considered, which 

ontains 256 ∗256 ∗128 grid points. A periodical boundary condition 

s used in the horizontal direction and a zero-flux boundary con- 

ition is used at the vertical boundary. In all simulations the di- 

ensionless grid spacing is chosen to be �x / l 0 =�y / l 0 = �z / l 0 = 1.0,

here l 0 is the grid size. The dimensionless deposition rate is 

iven by v ∗= v /( l 0 / �t ), where �t is the time interval per simu-

ation step. The chemical free energy is normalized by RT , i.e., 

 
∗
Chem 

= G Chem 
/RT , while L ∗

mix 
= L mix /RT . The intrinsic-diffusivities 

re normalized by the prefactor D 
0 
s , i.e. , D 

∗
s (T ) = exp ( E s /RT ) and

 
∗
b 
(T ) = ( D 

0 
b 
/D 

0 
s ) exp ( E 

b /RT ) . The parameters used in the simula-

ions are listed in Table 1 . The plots of chemical free energy and

he base ten logarithm of D 
∗
s (T ) / D 

∗
b 
(T ) are shown in Fig. 1 . It

hould be mentioned that the surface diffusion could be much 

aster than the bulk diffusion. During continuous deposition, sur- 

ace diffusion only occurs within the film surface region that is 

uickly (depending on the deposition rate) buried by the newly de- 

osited atoms and becomes bulk. Hence, the surface diffusivity in 

ur simulation is different from the value measured from a free 

lm surface without considering the deposition process. Based on 

he experimental measurements [ 26 , 33 ], D 
∗
s (T ) / D 

∗
b 
(T ) is assumed

o be no more than 3 orders of magnitude. The deposition temper- 

ture is normalized by the critical temperature of spinodal decom- 

osition, e.g., T ∗= T / T c . The molar volumes of the two phases are

ssumed to be the same. Fig. 2 shows the calculated miscibility 

ap, spinodal and phase fraction contour lines by the thermody- 

amic parameters used in the simulation. The surface energy could 

e calculated by integrating the energy density in the surface area 

34] , which is the same for the A-rich and B-rich phases because 

f the free energy density curve is symmetrical with respect to 

 = 0.5, The surface energy increases as solute concentration in the 

urface layer moves towards 0.5 (where the concentration gradi- 

nt reaches maximum) and decreases with increasing temperature. 

uring co-sputtering, if the two elements sputtered at equal depo- 

ition rates, the instantaneous composition of the film surface layer 

s close to 0.5. This thin surface layer (maybe a few atomic layers) 

an be treated as a “mechanically” mixed homogeneous solid so- 

ution. Due to the large positive entropy of mixing of immiscible 

lloys, there is a strong driving force for phase separation through 

ulk and surface diffusion. In addition, to account for surface de- 

ects and roughness [35] , we have treated the surface layer as sev- 

ral grids ( i.e. , approximately 5 nm thick) where the surface diffu- 

ivity is applied. To quantitatively assess the spatial alignments of 

he various CMs obtained from the 3D phase field simulations, an 

nclination distribution of the interfaces was obtained by using Im- 

geJ [ 36 , 37 ] analysis on multiple 2D vertical cross-sections. Based 

n the interface inclination distribution, the dominant interface in- 

lination at the peak is chosen to distinguish the different types of 

Ms. The microstructures are now classified according to the fol- 

owing criteria: if the dominant interface inclination in a given mi- 

rostructure has an angle around 0 degree with a horizontal line, 
3 
t is then classified as VCM, and if the dominant inclination has 

n angle of 90 ° with a horizontal line, it is then classified as LCM, 

therwise the microstructures are classified as RCM. 

.2. Experiment 

Immiscible alloys were co-deposited onto thermally oxidized Si 

ubstrates by DC magnetron sputtering in a Kurt J Lesker PVD 75 

eposition system. The details of this deposition may be found in 

ur previous work [16] . Chemical and microstructural characteri- 

ation was used to link the morphologies and the processing pa- 

ameters. Scanning/transmission electron microscopy (S/TEM) foils 

ere prepared using focused ion beam (FIB) milling techniques in 

 TFS Helios 650 Nanolab SEM/FIB and a TFS Nova 200 Nanolab 

EM/FIB. The foils were lifted out and attached to either Si or Mo 

rids to prevent interference during chemical composition scans. 

fter thinning, the samples were plasma cleaned for a period of 

–8 min prior to S/TEM characterization. The samples were charac- 

erized using a JEOL 3100R05 double-Cs corrected S/TEM. The JEOL 

100 R05 was operated at 300 keV to achieve a point-to-point res- 

lution of 0.055 nm for HAADF and BF imaging. The convergent 

ngle for all image collection 111 ° with a camera length of 8 cm 

o true Z-contrast HAADF imaging. Energy dispersive X-ray spec- 

roscopy (EDS) compositional maps were collected using a JEOL 

DD X-ray detector with a 60 mm 
2 active area. 

. Results 

By introducing the temperature dependences of the thermo- 

ynamic parameters in the free energy model and the surface 

nd bulk diffusivities, together with the dependence of surface 

nergy on composition in the phase field model, we have simu- 

ated microstructure evolution during film deposition with differ- 

nt initial compositions at different deposition rates ( v ∗= 0.01 ∼6) 

nd temperatures ( T ∗= T / T c ). The equilibrium solute concentra- 

ions of the two phases at different temperatures are symmet- 

ical with respect to 0.5, which implied that, by reversing the 

-rich and B-rich phases, the microstructure evolutions for ini- 

ial composition 0.5 +�c or 0.5- �c are equivalent. Fig. 3 shows 

he as-deposited microstructures of the films. At a relatively high 

emperature, i.e. T ∗= 0.8, a clear morphological transition from 

CM → LCM + VCM → VCM is observed with increasing deposition 

ate when the alloy composition c 0 is close to 0.5, coincide well 

ith the results reported in the literature [18] . At this tempera- 

ure, the difference between surface and bulk diffusion is relatively 

mall and the surface energies of the two equilibria phases (that 

ave compositions symmetrical to the average composition) are 

he same, which is close to the cases considered in the “isother- 

al microstructure map” [18] . However, there is a transition layer 

with incomplete phase separation) near the bottom of the film in 

he VCM structure at higher deposition rates. 

When the initial alloy composition moves away from c 0 = 0.5, 

.g., c 0 = 0.4, 0.3 and 0.2, the VCM structure forms at smaller and 

maller deposition rate and the individual layers become better 

ligned ( e.g. , almost perfect layered structures are found at high 

eposition rates in these alloys). The volume fraction ( i.e. , thick- 

ess) of the A-rich phase layers (blue) increases significantly at 

ow deposition rate when the alloy composition moves away from 

 0 = 0.5. However, at higher deposition rates, the volume fraction 

 i.e. , thickness) of the A-rich and B-rich layers become similar, in- 

icating that the composition in each layer deviates significantly 

rom the equilibrium ones. These features have not been reported 

n previous studies [ 18 , 23 , 27 ]. 

At lower temperature and equal volume fraction ( e.g., c 0 = 0.5), 

he CM morphology transforms from LCM → VCM → a non- 

ecomposed (“frozen”) state that gradually develop from the bot- 
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Fig. 1. The chemical free energy of the system (a) and the base ten logarithmic scale plot of as a function of T / T c (b). 
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om of the film as a function of increasing deposition rate. When 

he alloy composition moves away from c 0 = 0.5, volume fractions 

f the A-rich and B-rich layers become different. Again, the VCM 

tructures are better developed when the alloy composition moves 

way from c = 0.5 and perfect multi-layer structures can be found 
0 

4 
n alloys having c 0 = 0.4, 0.3 and 0.2. At higher deposition rates, 

hase-separation does not occur at this relatively lower deposi- 

ion temperature. As can be seen from Fig. 1 (b), surface diffusion is 

uch faster than bulk diffusion at T ∗= 0.6 and, thus, it makes sig- 

ificant contributions to the phase separation process. The effec- 
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Fig. 2. Calculated miscibility gap, spinodal and phase fraction contour lines by the 

thermodynamic parameters used in the simulation. 
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Fig. 3. As-deposited microstructures of the film with various initial composition (black 

temperature and equivalent volume fraction (c0 = 0.5), the film morphology transforms

from the film bottom. When the volume fraction of the A-rich phase increases, VCMs ar

references to colour in this figure legend, the reader is referred to the web version of this

5 
ive depth of surface diffusion ( ∼5 nm) used in the present work 

s based on the experimental and theoretical analysis [ 38 , 39 ]. Con-

iguous growth of the two-phase regions beneath the surface area 

s insignificant due to the sluggish bulk diffusion. Compared with 

he microstructures developed at T ∗= 0.8, the compositions of the 

-rich and B-rich phases are far away from equilibrium. Despite 

f the temperature change, the interlayer spacing tend to increase 

s the deposition rate decreases and the alloy composition moves 

way from c 0 = 0.5. This phenomenon can be observed in all the 

imulation temperatures considered in this study. 

The above simulation results are used to establish a microstruc- 

ure map in the space of alloy composition (volume fraction), 

eposition rate and deposition temperature, as shown in Fig. 4 . 

n order to make the microstructure map applicable to different 

ystems (either model systems considered in a simulation study 

r real systems investigated in an experiment), it is presented 

n a normalized parameter space, i.e. , the deposition rate v N = 

 / ( D s / λmax ) [18] where v is the actual deposition rate and λmax is

he maximum CM wavelength given by λmax = 2 
√ 

2 π
√ 

−κc /G ′′ , ( κc 

s the gradient energy coefficients for concentration and G ′′ is the 
econd derivative of the local chemical free energy with respect 

o concentration); the deposition temperature T ∗= T / T c and the 

olume fraction f p = ( c 0 − c 
eq ) / ( c eq − c 

eq ) , ( c eq and c eq denote the

1 2 1 1 2 

axis), deposition rate (red axis) and deposition temperature (blue axis). At lower 

 from VCM to LCM, and a non-modulated “frozen” state that gradually develops 

e well developed and perfect multi-layer structure arise. (For interpretation of the 

 article.) 
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Fig. 4. Morphology map of CMs related to the deposition rate, deposition temperature, and volume fraction. The deposition rate could be normalized by the critical wave- 

length and surface diffusivity[18], i.e. , where v is the real deposition rate. λmax is the maximum wavelength can be written as . Subscribing the parameters used in the 

simulation, the relationship of normalized deposition rate, volume fraction and the ratio of surface and bulk diffusivity, related to deposition temperature. The symbol x and 
∗ denote the multilayer film and multilayer film with “frozen layer” at the bottom, respectively, both of which were treated as VCM. The symbol ♦ and ◦ denote columnar 

structure and columnar structural film with random interconnected structure at bottom, respectively, both of which were treated as LCM. The symbol + , ♦ and ◦ denote 

the homogenous film with bottom layered structure, interconnected structure and discrete particles with bottom layered structure, respectively, all of which were treated as 

RCM. 
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a

wo equilibrium compositions of spinodal decomposition). The ac- 

ual deposition rate of the present simulation was calculated by 

 = v ∗( l 0 / �t ). By normalizing the parameters ( v, T and c 0 ) of each

imulation, the corresponding CM type can be plotted in the nor- 

alized parameter space as shown in Fig. 4 . In the microstructure 

ap, the temperature range considered is 0.6 ≤ T ∗ ≤ 0.98, at which 

he ratio of surface diffusivity to bulk diffusivity, D 
∗
s (T ) / D 

∗
b (T ) ,

aries from 2500 to 1. The corresponding volume fraction and log 

 v N ) vary from 0.1 ∼0.9 and -3.5 ∼ 1.5, respectively. The film mor- 

hologies ( i.e. , CM patterns) are categorized into three types: VCM, 

CM and RCM, as can be seen in the insets of Fig. 4 . 

The microstructure map is symmetrical with respect to the vol- 

me fraction, with a mirror at volume fraction 50% (note that this 

s only true for systems with symmetrical miscibility gaps, as the 

ne considered in the current study). Overall, all the microstruc- 

ural fields, VCM, LCM and RCM, shift towards low deposition rate 

ide as temperature increases. The VCM field shrinks as temper- 

ture increases, especially at low and high volume fraction sides. 

t low temperatures, the VCM field expands towards the direction 

f low or high deposition rate. When the deposition rate decreases, 

he LCM field tends to expand to the large or small volume fraction 

nd. These features imply that increasing deposition temperature 

estrains the VCM structures in cases of large differences in the 

wo volume fractions. When the deposition temperature is close to 

he critical temperature of spinodal decomposition, the LCM and 
6 
CM fields shrink drastically and appear only at low deposition 

ates. 

Table 2 serves to summarize the characteristic morphologies 

ound in the co-deposited Cu-Mo thin film system. These mor- 

hologies are a function of deposition temperature and material 

ux and may be juxtaposed into homogeneous and heterogeneous. 

omogeneous morphologies are defined as exhibiting bicontinuous 

hases that can be described by one length [16] ( e.g. concentra- 

ion modulation), whereas heterogeneous structures may only be 

escribed by many length scales [40] ( e.g. grain size, intergranular 

recipitate diameter, and concentration modulation). The scanning 

ransmission electron microscopy images presented in Table 2 al- 

ows for the clear observation of the various phases in the sam- 

le as it maps out contrast according to the atomic weight of 

he species present in the sample. For example, the sample con- 

ains only Cu and Mo atoms. Mo is atomically heavier than Cu 

nd regions rich in Mo will appear brighter in a S/TEM images. 

able 2 shows that at low deposition rate (0.14 nm/s), the mor- 

hology only exhibited a heterogeneous, bimodal structure: bicon- 

inuous LCMs of Cu and Mo surrounding large Cu phases (large 

ark regions) containing nanoscale precipitates of Mo [40] . For 

he heterogeneous structures, higher temperature led to coarsen- 

ng of all length scales. At higher material fluxes ( i.e. 0.7 nm/s and 

.4 nm/s), the structure was found to be homogeneous and Cu- 

nd Mo-rich phases formed into VCMs. The structural phases are 
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Table 2 

Deposition parameters and microstructures of the Cu-Mo thin films. Each image is a high angle annular dark field image, which means that the dark regions represent the 

element of higher atomic weight. In each image the growth direction is up and the substrate is below the image even though not necessarily imaged. 

Composition Deposition Rate (nm/s) Deposition Temperature ( °C) Microstructural Image Phase Present 

45 at.% Cu 0.14 400 Dark: BCC (Cu) Gray: BCC (Mo) 

45 at.% Cu 0.7 400 Dark: BCC (Cu) Gray: BCC (Mo) 

45 at.% Cu 1.2 400 Dark: BCC (Cu) Gray: BCC (Mo) 

45 at.% Cu 0.14 600 Dark: BCC (Cu) or FCC(Cu) Gray: BCC (Mo) or BCC (Mo) 

Table 3 

The parameters used for the normalization of experimental data. 

alloys Deposition temperature( °C) Diffusivity(m 
2 /s) wavelength Real deposition rate (nm/s) Normalized deposition rate 

Cu-Mo 400 3.36 × 10 −17 11.97 nm 1.4 -0.303 

Cu-Mo 600 5.27 × 10 −15 14.24 nm 1.4 -2.422 

Cu-Mo 800 1.25 × 10 −13 18.61 nm 1.4 -3.683 
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dditionally listed in Table 2 and were measured using indexed se- 

ected area diffraction patterns, which are not presented here. 

The detailed alloy composition, diffusivities, CM wavelengths, 

eposition rates used for the normalization of the experimental 

ata are listed in Table 3 . Based on the experimental results, as 

ell as experimental data available in the literature [ 16 , 24 ], dis-

rete symbols of different colors are placed on the predicted mi- 

rostructure map ( Fig. 5 ). In order to compare the experimental 

ata with the simulation results, the boundaries between differ- 

nt types of CMs shown in Fig. 4 are projected onto the same fig-

re and represented by different colors, e.g., T ∗= 0.6 (black), 0.7 

orange), 0.8(blue), 0.9(green), 0.98(red), as shown in Fig. 5 . The 

ash and solid lines are respectively for the LCM and VCM fields 

hown in Fig. 4 . It is readily seen that the experimental data are

ocated within each of the CM fields at different temperatures, 

hich coincide well with the microstructure map. This indicates 

hat by accounting for the temperature dependence of the surface 

nd bulk diffusivities and driving force for phase separation, the 

d

7 
imulations predict well the formation of self-organized CM struc- 

ures fabricated at low temperatures. As the deposition tempera- 

ure increases, the VCM region at higher deposition rate shrinks, 

hich indicates that the increase in bulk diffusion interrupts the 

urface layer formation. In addition, the LCM region also shrinks 

hen the deposition rate decreases. 

. Discussion 

The formation of different types of CM patterns and transitions 

etween them in the space of alloy composition, deposition rate 

nd deposition temperature are revealed clearly in the computed 

icrostructure map. According to the map, VCM, LCM and RCM 

tructures can be obtained in a broad range of deposition temper- 

tures. Previous studies [ 18 , 25 , 27 ] have focused on relatively high

eposition temperature where bulk diffusion dominates the phase 

eparation process. Without considering the temperature depen- 

ence of the thermodynamic parameters in the free energy, both 
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Fig. 5. The projection of microstructure map at different tem peratures: T ∗= 0.6 (black), 0.7 (orange), 0.8(blue), 0.9(green), 0.98(red). The dash and solid lines are the LCM and 

VCM boundaries shown in Fig. 4 , respectively. The normalized experimental data of RCM, LCM and VCM are shown by colored markers, e.g. , red triangle is the experimental 

data of RCM structure at T ∗= 0.98, which is in the RCM region of T ∗= 0.98 (red lines); the blue circles are experimental data of LCM structures at T ∗= 0.8, which are in the 

LCM region of T ∗= 0.8 (blue lines); the black squares are experimental data of VCM structures at T ∗= 0.6, which are in the VCM region of T ∗= 0.6 (black lines). The empty 

markers are measured by the present work, while the solid markers are calculated by the literature [ 16 , 24 ]. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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ulk and surface diffusion and the surface energy difference, the 

CM structure fabricated at lower temperature in the experiment 

annot be predicted. Below we discuss the effects of surface/bulk 

iffusion and temperature-dependent surface energy, which have 

ot been studied in the literature, as well as the characteristics of 

he present CM microstructural map in some details. 

.1. Subsurface layer effect under surface diffusion-controlled phase 

eparation 

At low temperatures, slow bulk diffusion has insignificant con- 

ribution to phase separation, while surface diffusion becomes the 

nly kinetic pathway to yield solute-rich and solute-lean regions. 

owever, there is limited amount of time for surface diffusion to 

ake place during deposition before the surface layer is buried un- 

erneath a new surface layer and become the subsurface layer ( i.e. , 

ulk). The time interval for surface diffusion to occur could be esti- 

ated by the time needed for laying down the entire surface layer, 

.g. �t s = l 0 / v ∗. During this period, the degree of decomposition in 

he surface layer will depend on the degree of CM developed previ- 

usly in the subsurface layer . By monitoring the simulated concen- 

ration evolution of the surface layers deposited on substrate with 

arious degree CMs, we have obtained the dependence of the re- 

uired diffusion time to reach certain degrees of phase separation 

n the degree of CM in the subsurface layer. As shown in Fig. 6 ,

he vertical axis is the maximum subsurface-layer CM, i.e., �c max 
sub 

= 

 
max − c min , where c max and c min are the maximum and minimum 

olute concentration of the subsurface layer, and the horizontal 

xis, t ∗, is the diffusion time. �c max 
sub 

= 0 denotes spinodal decom- 

osition in the surface layer without the subsurface-layer effect, 

.e. , the subsurface layer has identical uniform composition as that 

f the surface layer. The solid lines with different symbols indi- 

ate different degrees of decomposition ( i.e. , the decomposition 

ates) in the surface layer, characterized by �c max 
sur f 

/ �c max 
eq , where 

c max 
sur f 

is the maximum CM of the surface layer and �c max 
eq is the 

aximum CM at equilibrium ( i.e. , the difference between the equi- 

ibrium compositions of the solute-rich and solute-lean phases). It 

an be readily seen that, for a given degree of decomposition in the 

urface layer, the diffusion time required decreases with increasing 

ub-layer concentration modulation. 
8 
It is noted that, at low temperatures, the subsurface layer effect 

an only play a role under the surface-diffusion-controlled case. 

t the beginning of the deposition process, �c max 
sub 

is close to zero, 

rom Fig. 6 (a) we can see that the surface layer needs longer time 

o reach a given degree of phase separation, then it could already 

e covered by the newly deposited layer. However, when the sub- 

urface layer has even a small degree of decomposition, the time re- 

uired for the surface layer to start decomposition is reduced dra- 

atically . This cumulative effect brings larger and larger CMs for 

he surface layer, which continuously accelerate the decomposition 

rocess in the surface layer. In order to show this effect, snapshots 

f the microstructure at a 2D cross-section right after its transi- 

ion from the surface layer into the sub-surface layer at differ- 

nt times are presented in Fig. 6 (b) and (c). Fig. 6 (b) shows the

nal VCM microstructure obtained in an alloy with a symmetri- 

al composition ( i.e. , 50%) at a deposition rate of v ∗= 2 × 10 −3 

t T ∗= 0.6. The snapshots of the 2D cross-section microstructures 

n Fig. 6 (b) marked A, B, C, and D are shown in Fig. 6 (c). In

his case, �t s can be calculated based on the deposition rate, e.g. 

t s = 0 . 671 . From Fig. 6 (a), if we assume that the �c max 
sub 

of the

ub-layer for cross-section A is close to zero, then the transforma- 

ion rate between 10% (line with symbol �) and 25% (line with 

ymbol + ) could be reached during this time period. Thus, the 

aximum concentration modulation of cross-section A should be 

ithin 10%�c max 
eq ∼25%�c max 

eq , that is 0 . 1 ∼ 0 . 25 . For cross-section

, �c max 
sur f 

= 0.225, which is within the predicted range of transfor- 

ation rate, indicating that the sub-surface effect shown Fig. 6 (a) 

oincide with our simulation results. After deposition of 5 layers 

 h = 10 l 0 ), �c max 
sur f 

of Section B has remarkably reached 0.95.The

ecomposition of layers beneath section B is rather slow because 

f the slow bulk diffusion and can be regarded as “frozen” layers 

hat have been observed in different kinds of as-deposited films 

 41–43 ]. The solute-rich and solute-lean concentrations in Section 

 and D are closer to the equilibrium ones, and the CM wave- 

engths are also much larger. With the help of fast surface diffusion 

n the new deposited layer, those A-rich and B-rich domains on 

he surface layer can grow horizontally and lead to the formation 

f VCM. 

From the simulation results, it can be readily seen that the VCM 

tructure tends to appear at lower deposition temperature in alloys 

ith large differences between the equilibrium volume fractions of 
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Fig. 6. (a) The effect of the sub-layer concentration modulation on the transformation time of spinodal decomposition in surface layer with initial composition of 0.5. The 

maximum sub-layer concentration modulation, = c max - c min, where c max and c min are the maximum and minimum concentration of the sub-surface layer. (b) and (c) 

show the 3D simulated final microstructure and the instantaneous microstructures of cross-section right after transition into sub-surface layer. 
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he two phases ( i.e. , away from 50%). Previous studies have sug- 

ested that the formation of the VCM structure during film depo- 

ition is through either coarsening of an intermediate “chessboard”

tructure [18] or continuous domain formation at fast deposition 

ates [23] . Therefore, the VCM formation in alloys with volume 

ractions far away from 50% ( e.g. , < 40% in Ref. [16] ) cannot be

redicted without considering the effects of surface diffusion and 

urface energy of the film. 
9 
.2. Effect of surface energy 

When the initial composition of the film deviates from the sym- 

etrical one ( i.e. , 0.5), in the surface layer, any small concentration 

uctuation will not only induce spontaneous spinodal decompo- 

ition, but also result in surface energy differences between the 

olute-lean and solute-rich areas. According to the energy pro- 

le shown in Fig. 1 , the surface energies for the two equilibrium 
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Fig. 7. The schematic evolution of layer structure during the deposition with sur- 

face energy effect. 
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hases are the same and the lowest, while the surface energies of 

ny surface areas that have compositions in between the two equi- 

ibrium compositions are larger than that of the ones with equilib- 

ium compositions and are different from each other if their com- 

ositions are not symmetrical to 0.5. Thus, for an initial compo- 

ition of 0.5, the surface energy has no remarkable effect on the 

icrostructure evolution in the surface layer because the solute- 

ich and solute-lean concentrations are symmetrical with respect 

o 0.5. However, when the initial alloy composition is off symmet- 

ical ( i.e. , either lower or higher than 0.5), the equilibrium phase 

aving a composition close to the initial alloy composition always 

ends to wet the surface [25] because in the initial CM the one 

hat is farther away from the symmetrical composition has lower 

urface energy. In addition, due to the temperature-dependent en- 

rgy hump of the spinodal decomposition, the surface energy de- 

reases with increasing temperature. This surface-directed spinodal 

ecomposition effect [29] enhances the development of the VCM 

tructure during film deposition. 

Figs. 7 (a–g) show the schematic evolution of the layer structure 

uring deposition with the effect of composition-dependent sur- 

ace energy. The deposition process could be treated as two steps: 

eposition and diffusion in a small time interval ( �t s ). In our sim- 

lations, we assume surface diffusion occurs only within a small 

hickness ( h s ) at the top of the film. At the beginning of deposi-

ion, due to the surface energy effect, the phase with lower surface 

nergy ( e.g. , the A-rich phase) tend to wet the film surface. During 

he following step of deposition, within the subsurface layer, the A- 

ich layer continues to grow by rejecting B atoms, result in the for- 

ation of a B-rich layer at the surface. When the B-rich layer occu- 

ies the whole surface area and grows by absorbing B atoms near 

he surface, the A-rich layer underneath stops growth because A 

toms are difficult to diffuse through the B-rich layer. Then, within 

he surface layer, A atoms begin to accumulate to the film surface 

gain. For faster deposition rate, the growth of the A-rich layer at 

he film surface will be terminated sooner, leading to a decreas- 

ng CM wavelength with increasing deposition rate. It should be 

oted that, at higher temperature, even the A-rich phase has lower 

urface energy and prefer to form at the surface layer, the later 

oarsening effect via faster bulk diffusion can interrupt the layered 

rowth process. At lower temperature, the slow bulk diffusion is 

nable to alter these layered structures formed at the surface area. 

herefore, the VCM regions shown in Fig. 4 shrink with the in- 

reasing of deposition temperature. 

.3. Deviation from the equilibrium volume fractions in VCM 

tructures 

As can be seen from Fig. 3 , both the compositions and volume 

ractions of the two phases in the VCMs produced under fast de- 

osition rates and with film compositions far away from 0.5 are 

ar from their equilibrium values. When the film composition is 

ar away from 0.5, the two phases have large difference in their 

olume fractions and the average film composition is always far 

way from the equilibrium composition of one of the two phases. 

t lower deposition temperature and in the case of fast deposition 

ate, the spinodal decomposition only occurs in the surface layer 

hat is quickly covered by the freshly deposited layer. Thus, the 

hase that has its equilibrium composition far away from the film 

omposition ( i.e. , the average composition of the film) has no time 

o reach its equilibrium composition and thus its equilibrium vol- 

me fraction. The composition of the other phase may not be able 

o reach its equilibrium value either, but much closer to it. The 

omparison of different concentration profiles of two time steps 

 t ∗= 30 and 50) with T ∗= 0.6 is shown in Fig. 8 . It can be obvi-

usly seen that, the maximum concentration is far away from the 

quilibrium composition ( ∼1.0) and the decomposition only occurs 
10 
n the surface layer. For slower deposition rates, because of the 

onger surface diffusion times allowed for each of the freshly de- 

osited layers, both phases may have enough time to reach their 

quilibrium compositions. Hence, under slow deposition rate, the 

avelength of the CM is larger than that under faster deposition 

ate. This agrees with Daruka and Tersoff’s study [25] showing that 

he wavelength of the self-organized layer structure increases with 

ecreasing deposition rate. For deposition at higher temperatures, 

ith the aid of bulk diffusion, the domains for the phase with 
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Fig. 8. The concentration profiles along vertical direction for the film with deposition rate v ∗= 0.002. The black dash line is the average composition of the film. The blue 

dash and solid lines are the concentration wave of t ∗= 30 and 50 with deposition temperature T ∗= 0.8. The red dash and solid lines are the concentration wave of t ∗= 30 

and 50 with deposition temperature T ∗= 0.6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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maller volume fraction in the surface area can connect and evolve 

o a horizontal layer. 

In addition, for the film with average composition close to 0.5, 

he volume fraction of the red phase for higher temperature (as 

hown in Fig. 3 ) is smaller than that of the low temperature (since

he equilibrium compositions are closer to 0.5 at high tempera- 

ure, as seen in the energy surface in Fig. 1 ). For small deposi-

ion rate and initial composition away from 0.5, the wavelength 

f CM at higher temperature deposition is different from that at 

ower temperature deposition, as can be seen from Fig. 8 . Because 

he fastest growth wavelength of spinodal decomposition is deter- 

ined by energy hump ( �G ) and gradient energy coefficient ( κc ), 

hen considering a strong temperature dependent �G , the fastest 

rowth wavelength increases with increasing temperature, i.e. the 

ower the temperature, the smaller of the wavelength. Thus, when 

onsidering the temperature dependent chemical free energy, sur- 

ace diffusion and surface energy effect, the wavelength of VCM 

ncreases with increasing of both temperature and deviation of vol- 

me fractions. 

.4. Effect of deposition temperature on the microstructural map 

By considering the temperature dependence of the local chemi- 

al free energy, surface diffusion and bulk diffusion, we have found 

he LCM and VCM fields in the microstructure map could shift 

nd expand significantly. At lower temperatures, the coupling of 

he surface diffusion and surface energy effect expands the VCM 

egion towards the two sides of the equilibrium volume fraction, 

hile the LCM region shrinks to an area of slower deposition rate 

nd smaller deviation of the volume fraction from the symmetri- 
11 
al 50/50. As temperature increases, the bulk diffusion increases. 

he sub-surface layer can participate in the decomposition process 

ear the film surface, which gives rise to a continuous growth of 

he A-rich or B-rich domains along the vertical direction with the 

id of surface diffusion. This effect shifts the LCM region towards 

aster deposition rate and reduces the VCM region. The growth 

f the columnar structure (LCM) needs a continuous growth of 

oth phases at the film surface. However, a smaller volume frac- 

ion ( ∼35%) is not likely to maintain the uninterrupted growth of 

he phase with smaller volume fraction. At lower temperature, the 

hort time interval for surface diffusion cannot maintain the con- 

inuous growth of the columnar structure, leading to layers with 

ncomplete coverage of B-rich layer (with A-rich domains inside 

he layer, we call them as LCM). Thus, when the deposition rate 

ecreases, the LCM region enlarges near the symmetrical composi- 

ion of 0.5. As temperature increases, the coarsening effect destroys 

he columnar structure at slow deposition rate. The boundary of 

CM area moves to the equilibrium volume fraction direction. 

. Summary 

In summary, by considering the temperature-dependent driv- 

ng force and surface and bulk diffusivities, and composition- 

ependent surface energy, we have constructed a CM microstruc- 

ure map for thin film deposition in a multi-dimensional space 

f material properties and processing parameters using com- 

uter simulations based on the phase field method. The CM mi- 

rostructure patterns and morphological transition sequences in 

s-deposited films predicted by the microstructure map agree well 
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ith experimental data from sputtered alloy films. The major find- 

ngs are summarized below. 

1) The VCM, LCM and RCM structures can be obtained in a broad 

range of deposition temperatures. The VCM and LCM regions 

shift towards low deposition rate side as temperature increases. 

At low temperatures, the VCM field expands in the direction 

of high deposition rate. The VCM field shrinks as temperature 

increases, especially on the low and high volume fraction sides. 

2) At lower temperatures, when the bulk diffusion is negligible 

relative to the deposition rate, surface diffusion is the only ki- 

netic pathway for phase separation. Small degree of decom- 

position in the subsurface layer could dramatically reduce the 

time required for the surface layer to start decomposition. The 

cumulative effect of concentration modulation developed in 

the subsurface layer expedites the subsequent phase separation 

process at the surface, leading to VCM structures. 

3) When the initial alloy composition is off the center of the mis- 

cibility gap ( i.e. , smaller or larger than 0.5), the equilibrium 

phase close to the initial alloy composition always tend to wet 

the surface and, thus, help the development of CMs along the 

vertical direction. This effect could be enhanced via surface dif- 

fusion at lower temperature and facilitate the formation of VCM 

at lower temperatures. 

4) Due to incomplete decomposition in VCM structure at lower 

temperature, films with compositions off the center of the mis- 

cibility gap could have different wavelength (period of the VCM 

structure) from that seen in spinodal decomposition in the 

bulk. When considering the temperature-dependent surface dif- 

fusion and surface energy effect, the wavelength of VCM in- 

creases with increasing temperature and deviation of film com- 

position from the center of the miscibility gap. 

5) As temperature increases, the contribution of bulk diffusion and 

decrease in driving force for spinodal decomposition gradually 

diminish the contribution from surface diffusion. The forma- 

tions of VCM and LCM are interrupted, resulting in the shrink- 

age of their corresponding fields in the microstructure map. 

Since the CM microstructure map is constructed using normal- 

zed deposition rate and temperature, it is general and can be used 

o guide the synthesis of both semiconductor and metal films for 

esired CM patters. 
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