
Acta Materialia 240 (2022) 118315 

Contents lists available at ScienceDirect 

Acta Materialia 

journal homepage: www.elsevier.com/locate/actamat 

Full length article 

Tensile and compressive stresses in Cu/W multilayers: Correlation 

with microstructure, thermal stability, and thermal conductivity 

Giacomo Lorenzin 

a , 1 , Md Shafkat Bin Hoque 

b , 1 , Daniel Ariosa 

e , Lars P.H. Jeurgens a , 
Eric R. Hoglund 

c , John A. Tomko 

b , Patrick E. Hopkins b , c , d , Claudia Cancellieri a , ∗

a Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Joining Technologies and Corrosion, Ueberlandstrasse 129, 8600 

Duebendorf, Switzerland 
b Department of Mechanical and Aerospace Engineering, University of Virginia, Charlottesville, VA 22904, USA 
c Department of Materials Science and Engineering, University of Virginia, Charlottesville, VA 22904, USA 
d Department of Physics, University of Virginia, Charlottesville, VA 22904, USA 
e Instituto de Física, Facultad de Ingeniería, Universidad de la República, Herrera y Reissig 565, C.C. 30, Montevideo 110 0 0, Uruguay 

a r t i c l e i n f o 

Article history: 

Received 23 May 2022 

Revised 5 August 2022 

Accepted 28 August 2022 

Available online 30 August 2022 

Keywords: 

Nanomultilayers 

Internal stress 

Microstructure 

Thermal conductivity 

a b s t r a c t 

The internal stress and microstructure in nanomultilayers strongly affect their reliability and performance, 

especially towards higher service temperatures. The initial stress and microstructure can be controlled 

during the growth by opportunely changing the deposition parameters. The intrinsic stress state can be 

tuned to achieve stress states ranging from compressive to tensile. In the present work, Cu/W nanomul- 

tilayers with opposite stress states (tensile and compressive) were fabricated by magnetron sputtering. 

The stress is found to be strongly correlated to the microstructure and internal disorder, as measured by 

X-ray diffraction and photoemission. In particular, higher disorder at the internal interfaces occurs in the 

presence of tensile growth stresses. The compressive nanomultilayers exhibit a more ordered structure, 

which improves their thermal stability up to 800 ◦C. The different microstructures for the opposite stress 

states significantly impact the thermal stability and thermal conductivity of the nanomultilayer stack. Our 

study thus sheds light on the correlations between the stress state, microstructure, thermal stability and 

thermal conductivity of Cu/W nanomultilayers. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Nanomultilayers (NMLs) are commonly formed by alternatively 

tacking nanolayers of a metal or an alloy and a chemically in- 

rt barrier (e.g., oxides, nitrides or refractory materials). They are 

n important and innovative solution for low temperature join- 

ng technologies [1] , in particular for brazing [2–4] . The interest 

n NMLs resides also in their capability of serving as intercon- 

ects in microelectronics [5–10] , optical coatings [11,12] , semicon- 

uctor devices [13] , radiation-tolerant coatings [14] , heat armors, 

nd sinks in plasma experiments [15] . Among different types of 

MLs, Cu/W multilayers are particularly suitable for these applica- 

ions because of their longstanding reliability, durability, and scal- 

bility [10,13,14,16–18] . 
∗ Corresponding author. 
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Magnetron sputtering, a type of physical vapor deposition 

PVD), is a widespread method to produce thin films and nanomul- 

ilayers (NMLs) with targeted composition, thickness, and rough- 

ess. In general, multilayers produced by magnetron sputtering 

ear a stress, generated during the film growth, and hence de- 

ominated “growth stress” or “intrinsic stress”. It represents an 

mportant property of thin films because it can lead to their fail- 

re, therefore affecting their durability and reliability. For this rea- 

on, intrinsic stress in sputtered single-material thin films has been 

eeply investigated in past decades [19–22] . There is a widespread 

greement in classifying the materials behavior in two categories 

23,24] . To the first category belong Type I materials, such as W, Ta, 

r and Fe. They have low atomic mobility and high melting tem- 

erature and are prone to generate tensile stress during growth. 

o the second category belong Type II materials, such as Cu, Al, 

g and Au. These materials possess high atomic mobility and low 

elting temperature and are characterized by a compressive-stress 

eneration during growth. However, sputtering deposition param- 

ters can influence the stress-generation mechanisms and play a 
. This is an open access article under the CC BY license 
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Table 1 

Deposition parameters used to grow the tensile and compres- 

sive NMLs. 

Ar-pressure (Pa) Gun power (W) 

Tensile NML 2 80 

Compressive NML 0.267 100 
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rucial role in determining the overall stress state. Type I materials 

isplaying a tensile stress and Type II materials with a compressive 

tress have been well documented. Therefore, the correlation be- 

ween sputtering deposition parameters and thin films microstruc- 

ure and stress state has been well studied [25–30] . An analogous 

tudy on intrinsic stress has not been performed as extensively for 

ML systems. A few studies focusing on this topic include the pi- 

neering works of Spaepen et al. [31,32] and Clemens et al. [33] . 

owever, the stress evolution in a multilayer structure was not 

elated to specific properties. Therefore, the microstructure-stress- 

roperties relationships in NML systems still remain largely un- 

dressed in the literature. In this study, Cu/W multilayers with 

pposite stress states, highly tensile and compressive, were suc- 

essfully fabricated. The connection of the tensile and compres- 

ive stresses with the microstructure and thermal conductivity is 

resented in relation to the thermal stability by combining differ- 

nt characterization techniques. Our results reveal that the tensile 

ultilayers display higher disorder at the interfaces with respect 

o the compressive one. As shown in the present work, the ther- 

al stability and thermal conductivity are strongly affected by the 

tress state and microstucture of the NML. The thermal conductiv- 

ty of the compressive sample is almost 2.5 times higher compared 

o the tensile specimen. Additionally, the thermal conductivity of 

he compressive and tensile specimens exhibits completely differ- 

nt trends as a function of annealing temperature. 

The multiple characterizations performed in this work reveal 

he effects of different fabrication, processing and thermal loading 

onditions on the stress, microstructure and properties of Cu/W 

anomultilayers. The obtained results can be used to predict the 

ole of microstructure and stress on properties of other NMLs com- 

ining Type I and Type II materials as well as other immiscible 

ystems, such as Cu/Mo, Ag/Cu, Cu/Cr, Cu/Nb, and Ag/W. In addi- 

ion, this work offers an example of how to produce nanocompos- 

te (NC) coatings with tailored properties. In fact, annealing treat- 

ents transform NMLs into NCs, whose properties depend on par- 

nt NMLs stress and microstructure, which can be tuned by ade- 

uately selecting sputtering deposition parameters. Also the NML- 

o-NC transition temperature is related to the parent NML proper- 

ies and, hence, can be controlled. 

. Experimental 

.1. Sample preparation 

The Cu/W nanomultilayers (NMLs) were grown by DC mag- 

etron sputtering in an ultra-high vacuum (UHV) chamber with 

ase pressure of < 5 × 10 −9 mbar. The multilayers were grown 

n Si(001) substrates that have 90 nm of amorphous a − Si 3 N 4 

n top. This a − Si 3 N 4 layer prevents interdiffusion between the 

i substrate and the Cu/W NML during the high-temperature an- 

ealing, which could result in the unwanted formation of Si-Cu 

ntermetallics. Prior to the deposition, an RF bias of 100 V at 

 . 6 × 10 −2 mbar was applied for 2 min to remove residual sur- 

ace contaminants after ultrasonic cleaning in acetone, ethanol and 

sopropanol. 10 nm of Cu and 10 nm of W repeated 10 times were

rown on a 25 nm W layer working as buffer. The chosen deposi- 

ion parameters are reported in Table 1 in Section 3.1.1 . Their op- 

imization to tune the stress to compressive and tensile values is 
2 
escribed in Ref. [34] . After the deposition, selected samples un- 

erwent an isothermal annealing process for 100 min at 300 ◦C, 

0 0 ◦C, 80 0 ◦C, or 850 ◦C in high vacuum (pressure < 10 −5 mbar)

ith a heating ramp of 20 K/min in a CVE (Cambridge Vacuum 

ngineering) HL 1218 oven. 

.2. Characterization techniques 

.2.1. Multi-beam optical stress sensor 

The sputter deposition chamber is equipped with a Multi-beam 

ptical Stress Sensor (MOSS) system (k-space Associates) for in- 

itu measurement of the substrate curvature during thin-film and 

ultilayer growth (see Fig. S1 in the Supplementary material) 

35,36] . In this setup, a 3x3 array of laser beams hits and is re-

ected back from the substrate surface under a (near-)normal in- 

idence angle. The real time evolution of the substrate curvature 

as calculated from the change in the average spacing between 

djacent laser spots in the array, with a typical curvature reso- 

ution of about 3 × 10 4 m 

−1 . From the curvature, 1 /ρ , stress- 

hickness values, σ · h , i.e., the product between the average stress 

nd film thickness, can be derived according to the well-known 

tone’s equation [37,38] : 

· h = 

M s h 

2 
s 

6 

1 

ρ
(1) 

here M s is the substrate bulk modulus (180.5 GPa for Si) and h s 
s the substrate thickness (200 μm). Information on average stress 

nd incremental stress in the sample can be derived, respectively, 

y dividing σ · h by the film thickness, σ = 

σ ·h 
h 

, or with a deriva- 

ive operation, σi = 

d (σ ·h ) 
d h 

. 

.2.2. X-ray diffraction 

A Bruker D8 Discover X-ray diffractometer operating in Bragg- 

rentano geometry with Cu K α radiation at 40 kV/40 mA was used 

o measure the Bragg–Brentano θ − 2 θ scans, the mean residual 

tress, and the pole figures for texture analysis. Stress analysis was 

arried out in point focus geometry, at room temperature, using 

he Crystallite Group Method (CGM) [39,40] , suitable for highly 

extured systems (deposited Cu/W NMLs possess a pronounced 

ut-of-plane Cu { 111 } ‖ W { 110 } texture [17,41] ). Multiple reflections

elonging to the Cu { 11 − 2 } and W { 1 − 21 } crystallite groups were

elected for stress analysis [42] . All annealed NMLs were measured 

x-situ after cooling down to room temperature (RT). 

.2.3. X-ray photoelectron spectroscopy 

The chemical composition of NMLs was evaluated by X-ray pho- 

oelectron spectroscopy (XPS) using a PHI Quantes spectrometer 

ULVAC-PHI) equipped with a conventional low-energy Al- K α X- 

ay source (1486.6 eV) and a high energy Cr- K α (5414.7 eV) X-ray 

ource. The energy scale of the hemispherical analyzer was cali- 

rated according to ISO 15472 by referencing the Au 4 f 7 / 2 and Cu 

 p 3 / 2 main peaks (as measured in-situ for corresponding sputter- 

leaned, high-purity metal references) to the recommended bind- 

ng energy (BE) positions of 83.96 eV and 932.62 eV, respectively. 

otably, the XPS instrument is directly connected to the sputter 

hamber, thus allowing in-situ sample transfer after the deposition 

nder UHV conditions (see Fig. S2 in the Supplementary material). 

n this way, air-exposure prior to surface analysis of as-deposited 

amples could be prevented. Survey scans were acquired with a 

ass energy of 280 eV and a step size of 0.5 eV. Detailed scans of

he Cu 2p, W 4d, O 1s, C 1s, N 1s and W 4p regions for the as-

eposited (not air-exposed) and annealed (air-exposed as a conse- 

uence of the ex-situ annealing step) were measured with a step 

ize of 0.2 eV and a pass energy of 112 eV. The atomic concentra- 

ions were calculated from the peak areas after Shirley background 

ubtraction using the predefined sensitivity factors in the MultiPak 
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Fig. 1. Schematic diagram of the sample geometry exhibiting the thermal resistances between the Al film and Si substrate. 
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.9 software provided by ULVAC-PHI. Compositional depth profiles 

ere acquired by alternating cycles of XPS analysis ( Al − K α , 51 W,

00 μm beam diameter) and sputtering with a focussed 1 kV Ar + 

eam rastering a 2 × 2 mm 

2 area. 

.2.4. SEM and STEM 

Focused Ion Beam (FIB) cuts were performed and cross sec- 

ion images were acquired in an FEI Helios NanoLab 660 Dual- 

eam Scanning Electron Microscopy (SEM) and FIB system. The 

IBing process was done with a focussed Ga + -ion beam at an ac- 

eleration voltage of 30 kV. Successive cutting steps at decreasing 

on currents (9.3 nA, 0.79 nA, and 0.23 nA) were performed to pol- 

sh the cut surface. Cross-sectional SEM analysis was performed at 

n acceleration voltage of 2 kV in Backscattered Electrons (BSE) 

ode. The surfaces of the samples (as deposited and annealed) 

ere imaged with an Hitachi S-4800 field emission gun SEM us- 

ng an acceleration voltage of 2 kV and with the detector in the 

econdary Electrons (SE) mode. 

Scanning transmission electron microscopy (STEM) was per- 

ormed on a Thermo Fisher Scientific Themis Z-STEM equipped 

ith a Super-X energy dispersive X-ray (EDS) detector operating 

t 200 kV with a 30 mrad, 400 pA probe. Medium angle annu- 

ar dark field images were acquired during EDS acquisition, which 

rovide diffraction contrast. Cross-section samples for STEM were 

repared using a Thermo Fisher Scientific Helios Dual-beam Fo- 

used Ion-beam. Initial milling was performed at 30 kV and the 

nal cleaning was performed at 5 kV. 

.2.5. Optical pump-probe techniques: time-domain 

hermoreflectance and steady-state thermoreflectance 

Optical pump-probe technique time-domain thermoreflectance 

TDTR) [43–46] was applied to investigate the effects of the in- 

rinsic stress state and annealing temperature on the cross-plane 

hermal conductivity of Cu/W NMLs. Details of the applied two- 

int TDTR setup are provided elsewhere [47–49] . Prior to the TDTR 

easurements, an ∼80 nm aluminum (Al) film was deposited atop 

he sample surface via electron beam evaporation, which serves 

o convert the optical energy of the laser into thermal energy. A 

chematic diagram of the entire sample geometry is presented in 

ig. 1 . A total of seven resistances between the Al transducer and 

i substrate were implemented for the TDTR data analysis. TDTR 

an measure the top two resistances as long as the other five are 

nown. To determine the thermal resistance of the Si 3 N 4 layer, we 

easured the thermal conductivity of a ∼90 nm Si N film via 
3 4 

3 
DTR. The thermal resistance of the ∼25 nm W layer was adopted 

rom literature [13,50,51] . Furthermore, we assumed that the in- 

rinsic thermal resistances of the Cu/W NML, W, and Si 3 N 4 layers 

re significantly higher than the associated interfacial resistances 

13,52] . Consequently, the interfacial resistances were disregarded. 

dditional details regarding the parameters used in TDTR analyses 

an be found in our previous publication [13] . 

To validate the assumptions used for the TDTR measurements 

nd analysis, we employed another pump-probe technique named 

teady-state thermoreflectance (SSTR) [53–56] . Details of the SSTR 

etup and measurement procedures are provided in Braun et al. 

53] and Hoque et al. [54] . The thermal penetration depth of 

he SSTR technique is significantly higher compared to TDTR [55] . 

herefore, using large 1/e 2 pump and probe radii ( ∼20 μm), we 

tted the seven resistances between the Al transducer and Si sub- 

trate as a single interfacial resistance in SSTR. This single interfa- 

ial resistance ( R th) can be expressed by the following equation: 

 th = 

(
1 

G 

)
Al / (Cu/W ) mul til ayer 

+ 

(
L 

κ

)
(Cu/W ) mul til ayer 

+ 

(
1 

G 

)
(Cu/W ) mul til ayer/W 

+ 

(
L 

κ

)
W 

+ 

(
1 

G 

)
W/Si 3 N 4 

+ 

(
L 

κ

)
Si 3 N 4 

+ 

(
1 

G 

)
Si 3 N 4 /Si 

(2) 

here L , κ , and G are layer thickness, thermal conductivity and 

hermal boundary conductance, respectively (the subscripts are 

elf-explicative). 

. Results and discussion 

.1. As-deposited Cu/W NMLs 

.1.1. Microstructure and stress state 

As demonstrated in Ref. [34] , both a high Ar-pressure and a 

ow gun power favor the generation of tensile stress during the 

rowth of Cu and W single layers by magnetron sputtering. Vice 

ersa, a low Ar-pressure and a high gun power were correlated 

ith compressive growth stresses in Cu and W single layers. Anal- 

gous trends are reported in the literature both for Cu [57–59] and 

or W [60,61] . Based on these findings for Cu and W single-layer 

rowth, the deposition parameters in the present study could be 

elected such to produce Cu/W nanomultilayers (NMLs) with an 
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Fig. 2. Cross-sectional MAADF-STEM images of the tensile and compressive nanomultilayers (greyscale) showing diffraction contrast and overlaid EDS elemental mapping of 

Cu and W (colors). 

Fig. 3. Stress-thickness curves of (a) a tensile NML deposition run and (b) a compressive NML deposition run, as monitored in-situ with the MOSS ( Section 2.2.1 ). 
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verall (i.e., on average) compressive and tensile state. The cor- 

esponding deposition parameters for the compressive and tensile 

u/W NML are reported in Table 1 . 

The microstuctures of the as-deposited compressive and ten- 

ile NMLs were investigated by cross-sectional STEM. Fig. 2 

hows cross-sectional STEM images of the tensile and compres- 

ive NML overlaid with the corresponding EDS maps. The Cu 

nd W nanolayers are straight and planar in the bottom of the 

ML stacks, but roughen towards the NML surface. The indi- 

idual W layer thicknesses are rather constant and very sim- 

lar for the compressive and tensile NML stacks. On the con- 

rary, the thicknesses of the individual Cu layers appear less 

omogeneous and less constant throughout the stack for the 

ensile NML (even thought the deposition rates for both NMLs 

ere carefully calibrated using single-layer deposition runs). The 

onstrast in the MAADF-STEM images indicates that the tensile 

ML has a smaller grain size as compared to the compressive 

ML, which is consistent with the SEM characterizations (see 

elow). 

The stress evolutions during the tensile and compressive 

ML deposition runs were monitored in-situ with the MOSS 

 Section 2.2.1 ). Fig.s 3 a and 3 b display stress-thickness data ac-

uired during the deposition of tensile and compressive NMLs, re- 

pectively. According to the stress-thickness data, Cu/W NMLs fol- 

ow the same relationship between growth conditions and stress 

tate as Cu and W single films. This is not obvious a priori be-

ause it has been reported that these two immiscible materials 

isplay different stress evolutions when grown as a single layer or 

s a combined bilayer in a NML structure, depending on the par- 

nt substrate [34] . The same “deposition parameters - stress state”

elationship in sputter-grown Cu/W NMLs, particularly in correla- 
4 
ion with the Ar-pressure, has been reported also in another recent 

ork [62] . 

As determined by the interfacial energies in play, W and Cu 

row according to the Volmer-Weber (VW) growth mode, charac- 

erized by three stages: islands nucleate on the underlying layer 

pre-coalescence stage); islands grow and zip together (coalescence 

tage); the film continues its growth (post-coalescence stage) [63] . 

t is possible to associate every stage of the VW growth mode to 

pecific features in stress-thickness curves. In general, compressive 

tress is generated during the pre-coalescence stage, tensile stress 

uring the coalescence stage, and compressive or tensile in the 

ost-coalescence stage based on adatom energies [24,34,64] . We 

an recognize some of these stages also in the stress-thickness data 

n Fig. 3 a and b. 

For the tensile NML, each successively deposited W layer devel- 

ps a tensile stress: initially the corresponding incremental stress 

s 1.32 GPa, but this values decreases to 0.55 GPa from approxi- 

ately half of the deposition step until the end. This stress evolu- 

ion is consistent with the coalescence and post-coalescence stages 

f Type I materials (see Introduction). Each successive Cu deposi- 

ion step during the tensile NML deposition run is associated with 

 constant negative incremental stress of −0.65 GPa. 

For the compressive NML, each successively deposited W layer 

xhibits an initial tensile stage (with an incremental stress of 

.96 GPa) which is reversed into a compressive stage (with an 

ncremental stress of −1.28 GPa). Once more, this behavior is 

n agreement with that of Type I materials grown at low Ar- 

ressures and high applied powers [65] . Similarly to the tensile 

ML, each successive Cu deposition step layer is associated with 

 slightly negative and approximately constant incremental stress 

f −0.12 GPa. 
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In both deposition runs, it appears that each W deposition 

tep is associated with grain coalescence and layer growth on Cu, 

s evidenced from the recurrence of a coalescence and a post- 

oalescence stage. Strikingly, a pre-coalescence stage is neither ob- 

erved for the tensile nor for the compressive NML. This happens 

ecause new W islands nucleate on the grains of the underly- 

ng polycrystalline Cu layer and directly interact and hold together 

ith them. As a consequence, tensile stress is introduced from the 

nset of each W deposition step, thus skipping the first compres- 

ive stage associated with isolated island growth [32,66] . The Cu 

eposition steps exhibit a peculiar behavior for both the tensile 

nd compressive NML depositions: i.e., neither pre-coalescence nor 

oalescence features are observed at the beginning of each Cu de- 

osition step. Nonetheless, we cannot conclude that Cu changes its 

rowth mode. In fact, pre-coalescence and coalescence stages for 

he Cu depositon steps might occur too rapidly to be detected (as 

lso postulated in Ref. [34] ). STEM analysis in Fig. 2 confirms layer 

ormation during each Cu deposition step. 

At the end of the deposition tensile and compressive runs, 

he average stress values derived from substrate curvature 

SC) are σSC, tens = (0 . 403 ± 0 . 007) GPa and σSC, compr = (−0 . 441 ±
 . 005) GPa , respectively. These values can be compared to the 

esidual stresses of Cu and W in the as-deposited NMLs, as 

easured by ex-situ XRD (see Section 2.2.2 ): i.e. σ Cu 
XRD, tens 

= 

0 . 66 ± 0 . 03) GPa and σ W 

XRD, tens 
= (1 . 5 ± 0 . 1) GPa for the ten-

ile NML and σ Cu 
XRD, compr 

= (−1 . 8 ± 0 . 4) GPa and σ W 

XRD, compr 
= 

−3 . 84 ± 0 . 09) GPa for the compressive NML. The sign of the av-

rage stress values in the as-deposited NMLs, as determined inde- 

endently by XRD and MOSS, are consistent, although their magni- 

udes is different (i.e., XRD indicates higher average stress levels). 

ndeed, XRD estimates the average stress in the individual crys- 

alline phase(s) [67] , whereas the substrate curvature method esti- 

ates the average stress due to various sources, such as crystalline 

hases (as XRD), non-crystalline regions as well as interfaces (e.g., 

hase and grain boundaries) [40] . 

.1.2. Texture and structural disorder by XRD 

The in-plane and out-of-plane textures of the as-deposited ten- 

ile and compressive Cu/W NML are reflected by pole figures of 

u{111} and W{110} families of planes in Fig. S3 in the Supple- 

entary material. The pole figure of the compressive NML shows 

 very clear, well-defined ring at 70.5 ◦ tilt angle for Cu{111}, and 

t 60 ◦ for W{110} (Fig. S3c and Fig. S3d), as expected for Cu{111} 

nd W{110} fiber textures (with a well-defined out-of-plane and 

 random in-plane orientation of the respective grains). The ten- 

ile sample, on the other hand, has a broader ring for both re- 

ections (Fig. S3a and Fig. S3b). This indicates a broader spread of 

rystal orientations for the tensile specimen, despite the fact that 

t is still strongly textured along Cu{111} and W{110}. This results 

n a higher polar angular disorder, and hence a more disordered 

tructure. The standard θ /2 θ measurements confirm the aforemen- 

ioned results. They were analyzed using a model calculation to re- 

roduce the diffraction patterns, introduced in Ref. [41] . It uses a 

inematic formalism and relies on two types of disorder of differ- 

nt nature: 

• intralayer subatomic continuous displacement disorder (statisti- 

cal distribution of near-neighbor distances), characterized by a 

Gaussian standard deviation σW 

, σCu for each constituent layer. 

• interface roughness (intermixing), as modeled by a shifted Pois- 

son distribution of the layer thicknesses centered on their nom- 

inal values, describing the crenelated interfaces. 

These two independent statistical parameters give a very good 

ccount of the observed diffraction patterns. The intralayer con- 

inuous disorder attenuates the satellite intensities. The same ef- 

ect is produced by the interface roughness, which additionally 
5 
lurs also the size oscillations. However, additional information 

bout the in-plane structure of the interface, such as the dimen- 

ion of planar domains and other in-plane correlations, cannot be 

xtracted from Bragg–Brentano measurements, as they probe the 

ample only along the direction normal to its surface. 

In the Fig. 4 , the XRD scans of tensile and compressive NMLs 

re shown and compared with the model calculations. The satel- 

ite peaks, typical of a superlattice structure [41,68] , are very dis- 

inct in the compressive NML, but hardly discernible in the tensile 

ML. This indicates a higher level of interface disorder in the ten- 

ile NMLs. The calculated XRD scans, which reproduce accurately 

he experimental ones, are obtained by adjusting the parameters 

or internal and interface disorder as described above. As follows 

rom the model fit, the disorder within the W layers is 3 times 

igher in the tensile NML, whereas the Cu layer disorder is com- 

arable for the two cases. The information about the interface is 

ontained in the standard deviation � = 

√ 

μ, where μ is the ex- 

ected value of the shifted Poisson distribution. This information 

s only about the global average displacement (in units of lattice 

lanes along the growth direction) of the interface with respect to 

he position of the plane corresponding to the nominal thickness 

. With μ and N, it is possible to define a dimensionless roughness 

arameter, R = 

√ 

μ/ 2 / N. Even in this case, the roughness at the in-

erface is more than 3 times higher for the tensile multilayers. The 

tructural disorder analysis by XRD is in excellent agreement with 

he cross-sectional STEM analysis, both indicating sharper and less 

ntermixed interfaces in the compressive NML as compared to the 

ensile one. 

In the inbox of Fig. 4 , the values of strain derived with the 

odel are also reported. They are defined as the difference from 

he bulk values of the interplanar distance in the out-of-plane di- 

ection. Since the out-of-plane direction is (111) for Cu and (110) 

or W, εCu and εW 

are defined as: εCu = 

d (111) ,Cu −d th 
(111) ,Cu 

d th 
(111) ,Cu 

and εW 

= 

d (110) ,W 

−d th 
(110) ,W 

d th 
(110) ,W 

with d th 
(111) ,Cu 

= 2 . 087 Å [69] and d th 
(110) ,W 

= 2 . 238 Å 

70] . 

.2. Annealed Cu/W NMLs 

.2.1. Microstructure by cross-sectional SEM and XPS depth profiling 

NMLs are associated with high excess Gibbs energies as origi- 

ating from the very high-density of internal interfaces (i.e., grain 

nd phase boundaries), as well as from internal stress gradients 

4,71] . Consequently, NMLs are generally prone to degradation 

pon high temperature annealing [17,41,42,72,73] . In the following, 

he effect of the stress state and microstructure on the thermal sta- 

ility of the compressive and tensile Cu/W NMLs is investigated by 

EM and XPS. The tensile and compressive Cu/W NMLs were an- 

ealed in vacuum for 100 min at a temperature of 300 ◦C, 600 ◦C,

00 ◦C or, 850 ◦C. The results of the cross-sectional SEM analy- 

is of the as-deposited and annealed microstructures are shown in 

ig. 5 . The experimental observations are discussed in relation to 

revious findings on the thermal stability of Cu/W NMLs reported 

n the literature. 

SEM analysis of the as-deposited NMLs also indicates that the 

tomic disorder is higher for the tensile NML (compare Fig. 5 a and 

). In particular, the contrast between the bright W and dark Cu 

nterlayers (in backscattered electron mode) is better resolved for 

he compressive NMLs, suggesting sharper Cu/W interfaces as com- 

ared to the tensile NMLs. As reflected by SEM analysis of the as- 

eposited NML surfaces (see Fig. S4), the tensile NML has a higher 

urface roughness and its intersecting grain boundary (GB) net- 

ork with the surface appears more open (as compared to the 

ompressive NML), which is consistent with the predicted effect 

f stress on the GB shape [74] . The atomic disorder of the ten- 
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Fig. 4. XRD on (a) tensile and (b) compressive multilayers compared to the model calculation. The parameters used in the model are also indicated. 

s

3  

d  

8

s

h

p

F

h

f

p

p

l

t

c

(

p

g

o

f

S

m

w

[

a

t

W

i

o

f

s

s

s

t

s

s

N

c

a

N

b

T

n

t

N

a

i

d

s

b

b

G

i

(

i

a

t

N

i

l

t

[

w

N

e

a

e

v

5  

I

i

t

i

b

p

h

t

f

N

w

A

s

i

a

ile NML appears to be reduced after annealing in the range from 

0 0 ◦C to 60 0 ◦C ( Fig. 5 b, d, and f), whereas such an effect is not

iscernible by SEM for the compressive NML ( Fig. 5 a, c, and e). At

00 ◦C, a striking difference in thermal stability between the ten- 

ile and compressive NML becomes evident: while the tensile NML 

as completely transformed into a nanocomposite (NC), the com- 

ressive NML is still in the first stage of NML degradation (compare 

ig. 5 g and h). 

A compressive NML sample was also annealed at an even 

igher temperature of 850 ◦C, revealing that the NML-to-NC trans- 

ormation process is still ongoing and has only partially com- 

leted: see Fig. 5 i. Interestingly, the partially transformed com- 

ressive Cu/W NML annealed at 850 ◦C shows more pronounced 

ayer degradation with grain coarsening of W towards the bot- 

om of the NML stack. As suggested from the roughly triple in- 

rease of the thickness of the W buffer layer after the annealing 

compare Fig. 5 a and i), the NML-to-NC transformation is accom- 

anied by coalesence of W grains from the NML with underlying 

rains of the W buffer layer. More pronounced grain coarsening 

f W at the bottom of the NML stack is also observed for the 

ully transformed tensile NML annealed at 800 ◦C (see Fig. 5 h). 

uch thickening of the W buffer layer by grain coarsening requires 

ovement of Cu towards the upper part of the NML layer stack, 

hich indeed already occurs at temperatures as low as 40 0–50 0 ◦C 

41,42] . 

XPS sputter-depth profiles of the as-deposited ( Fig. 6 a and b) 

nd annealed ( Fig. 6 c and d) compressive and tensile NMLs confirm 

he cross-sectional SEM analyses. Regular oscillations of the Cu and 

 signals, as originating from the alternating Cu and W nanolayers 

n the NML stack, are clearly resolved in the sputter-depth profiles 

f the as-prepared NMLs. These oscillations are more pronounced 

or the compressive NML, since they are less disordered and have 

harper Cu/W interfaces. The higher degree of disorder in the ten- 

ile NMLs should be associated with a lower overall atomic den- 

ity, which also rationalizes the higher sputter rate of as-deposited 

ensile NML: i.e., for the applied Ar + sputter voltage of 1 kV, total 

putter times of 70 and 80 min are required to reach the a − SiN x 

ubstrate interlayer for the as-deposited tensile and compressive 

ML, respectively (compare Fig. 6 a and b). Notably, the O and C 

ontents within the as-deposited NMLs are below 1 at.%. After the 

nnealing at 800 ◦C, the sputter-depth profile of the compressive 

ML still exhibits distinct oscillations of the Cu and W signals (al- 

eit a bit more damped as compared to the as-deposited NML). 

hese oscillations are completely damped for the tensile NML an- 
6 
ealed at 800 ◦C, in agreement with the completed NML-to-NC 

ransformation observed by SEM (see Fig. 5 h). 

As reported in previous studies on the thermal stability of Cu/W 

MLs [17,41,42,72,75] , the thermal degradation of Cu/W NMLs is 

 diffusion-controlled process, which becomes thermally activated 

n the temperature range of 650 - 800 ◦C (depending on the as- 

eposited microstructure, in accordance with SEM and XPS analy- 

es in the present study). The onset of NML degradation is initiated 

y GB grooving [17,42] . The GB grooving kinetics are rate-limited 

y short-circuit diffusion of W along Cu/W interfaces and/or W 

Bs [17,41] . Thermal grooving of the W GBs by Cu progresses with 

ncreasing annealing time and eventually causes layer pinch-off

due to the merging of opposite GB grooves), as also evidenced 

n Fig. 5 g. After prolonged annealing, the NML is transformed into 

 NC composed of globular W particles embedded in a Cu ma- 

rix [13,17,41,76] , as observed in Fig. 5 h. During the course of the 

ML-to-NC transformation, the system tends to gradually release 

ts strain energy associated with intrinsic stresses [42] . Stress re- 

axation is initiated by the outflow of Cu to the NML surface at 

emperatures as low as 40 0–50 0 ◦C [41,42] . As reported in Ref. 

72] , the onset of the NML-to-NC transformation process coincides 

ith the complete relaxation of interface stresses in the Cu/W 

ML stack ( note : the interface stresses associated with incoher- 

nt Cu(111)/W(110) interfaces in as-deposited Cu/W NMLs are rel- 

tively high). 

Noteworthy, XPS depth profiling of the vacuum-annealed NMLs 

vidences inward diffusion of oxygen into the NML stack during 

acuum annealing at 800 ◦C, reaching an O content of roughly 

 at.% in the interior of the annealed NMLs: see Fig. 6 c and d.

nward diffusion of O into NML stacks upon annealing in air and 

nert Ar atmospheres has also been observed for other NML sys- 

ems, such as Ag/AlN [77] and AgCu/AlN [3] . These previous stud- 

es have concluded that O penetrates along the GBs of the AlN 

arrier layers. Notably, for the compressive NML, the O diffusion 

rofile still exhibits some oscillations (i.e. the O content is slightly 

igher in the W interlayers as compared to the adjacent Cu in- 

erlayers), whereas the O diffusion profile is gradual and smooth 

or the tensile NML. Indeed, the W interlayers of the compressive 

ML are only partially pinched off after the annealing at 800 ◦C, 

hereas the tensile NML has already fully transformed into a NC. 

s demonstrated in Ref. [76] , the relaxation of compressive intrin- 

ic stresses in the W interlayers during high-temperature anneal- 

ng will lower the energy barriers for diffusion of W and of foreign 

toms (like Cu and O) along the W GBs. Consequently, stress relax- 
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Fig. 5. SEM images of cross sections of as-deposited and annealed compressive NMLs (a), (c), (e), (g), (i) and tensile NMLs (b), (d), (f) and (h). Bright regions in the NML/NC 

are associated to W; dark regions to Cu. 
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tion at the onset of the NML-to-NC transformation will promote 

hort-circuit inward diffusion of O (in addition to Cu and W) along 

 GBs during vacuum-annealing (being more pronounced for the 

ensile Cu/W NML due to its more open GB structure). 

As concluded on the basis of the SEM and XPS analyses of as- 

eposited and annealed Cu/W NMLs with different initial stress 

tates, NML-to-NC transformation can be shifted to significantly 

ower temperatures by producing Cu/W NMLs with less compres- 

ive stress and more structural disorder in the NML stack. In gen- 

ral, the disordered microstructure, as in the tensile NMLs, can fa- 

ilitate atomic mobility at high temperature and hence promote 

he NML-to-NC transformation. In addition, atomic diffusion can be 

ffected also by stress [76] . 

.2.2. Stress state and structural disorder by XRD 

XRD scans of the tensile and compressive multilayers, as ac- 

uired after different annealing temperatures, are shown in Fig. 7 a 

nd b, respectively. The tensile NML is completely degraded into a 

anocomposite at 800 ◦C (see Fig. 5 h). On the contrary, the com- 

ressive NML still shows intensity modulations after the anneal- 

ng at 800 ◦C, i.e., satellite peaks, typical of a periodic structure, 

n accordance with the SEM observations (see Fig. 5 g). Even for a 

lightly higher annealing temperature of 850 ◦C, the XRD diffrac- 

ogram of the compressive NML still shows satellites peaks, al- 

hough strongly reduced in intensity, indicative of an incomplete 

anocomposite transformation (see Fig. 5 i). Notably, the tensile 
7 
ystem provides evidence of an increase of the satellite modulation 

ntensity at 600 ◦C, which suggests an increase in the interface co- 

erency upon annealing, in agreement with the SEM observations 

see above). Such a thermally activated increase in interface co- 

erency (as driven by a reduction of the interface energy) is com- 

only observed for magnetron-sputtered NMLs [17,41,72,75,76] . 

The corresponding internal stress evolution is shown in Fig. 7 c. 

ere, it is emphasized that the residual stresses were acquired af- 

er cooling down to room temperature (RT). Accordingly, a stress- 

ree state at RT not necessarily implies a stress-free state at the 

espective annealing temperature. Namely, the different thermal 

xpansion coefficients of W, Cu and the Si substrate may impose 

hermal stresses on Cu and W during cooling [42] . In this regard, 

t is noted that the thermal mismatch between W and Si is rel- 

tively small and therefore any thermal stress contribution in W 

uring cooling can be neglected, which is not necessarily the case 

or Cu [42] . 

While the compressive NML gradually relaxes the intrinsic com- 

ressive stresses in the W interlayers until 800 ◦C, the tensile NML 

as already largely relaxed its intrinsic tensile stresses in W at 

00 ◦C. The Cu interlayers reach a similar, low tensile stress level 

or the compressive and tensile NML after annealing at 300 ◦C. 

trikingly, the tensile NML annealed at 600 ◦C again shows a 

igher tensile stress (after cooling down to RT). It may be as- 

umed that the Cu stresses are largely relaxed during the heating 

t 600 ◦C or higher [42] and the tensile stress contributions in Cu 
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Fig. 6. XPS sputter depth profiles of Cu/W NMLs (a) as-deposited compressive, (b) as-deposited tensile, (c) compressive annealed at 800 ◦C, and (d) tensile annealed at 

800 ◦C. 
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hus mainly originate from the cooling stage (since Cu has a higher 

hermal expansion coefficient than W and Si). The coherency of the 

u/W interface of the tensile NMLs is enhanced upon annealing 

t 600 ◦C, as shown in Fig. 7 a, where the finite size oscillations

re more pronounced, denoting sharp and less defective interfaces. 

his fact, together with the higher thermal stresses upon cooling 

with respect to 300 ◦C) explains the higher tensile stress in Cu 

ayers measured at 600 ◦C. At 800 ◦C, instead, the tensile system 

s completely destroyed into a nanocomposite and behaves as a 

hole material with its own thermal expansion coefficient, which 

s lower than the one of Cu. Indeed, stresses measured in W and 

u are the same and both are tending towards relaxation. Simi- 

ar trends are observed also in compressive NMLs, but at higher 

emperatures, since the transition into NC requires more thermal 

nergy to occur. 

The stress relaxation process is also evidenced by the XRD 

odel analysis performed on the satellite peaks as a function of 

nnealing temperature. In Fig. 8 , the parameters extracted from 

he XRD model are plotted as a function of the annealing temper- 

ture. The corresponding simulations for the compressive and ten- 

ile NMLs after annealing at different temperatures are provided 

n Fig. S5 of the Supplementary material. The thus obtained val- 

es of the Poisson parameter, μ, describing the interface roughness 

nd of σW 

, representing the intralayer atomic displacement, do not 

hange considerably with temperature for the compressive NML 

 Fig. 8 ); only at 800 ◦C, the μ value starts to increase, denoting a

ore pronounced interface disorder at the onset of the nanocom- 
8 
osite transformation (see also Section 3.2.1 ). For the tensile NML, 

oth the interface roughness and the W intralayer σ disorder de- 

rease with increasing annealing temperature up to 600 ◦C, in ac- 

ordance with the sharping of the Cu/W interfaces by SEM and the 

ore pronounced interface coherency by XRD up to 600 ◦C (see 

bove). At 800 ◦C, the tensile NML is completely transformed into 

 nanocomposite and therefore the XRD model cannot be applied; 

onsequently, μ and σW 

values for the tensile NML can only be 

erived up to 600 ◦C. 

.3. Thermal conductivity 

In the following, the effect of interface disorder and layer mi- 

rostructure of the tensile and compressive NMLs in their as- 

eposited and annealed states is correlated to the thermal conduc- 

ivity, which is a key property for application (see Introduction). 

he TDTR-measured thermal conductivity of the as-deposited ten- 

ile NML is 9.1 ± 0.98 W m 

−1 K 

−1 . The thermal conductivity of the 

s-deposited compressive NML, on the other hand, is measured to 

e 22.9 ± 4.6 W m 

−1 K 

−1 , nearly 2.5 times higher compared to 

he tensile NML. The uncertainty of the TDTR measurements here 

ncorporates the measurement repeatability, uncertainty of the Al 

hickness (2 nm), NML heat capacity (5 % ), and thermal conductiv- 

ty of the Al, W, Si 3 N 4 , and Si layers (10 % ). The difference in cross-

lane thermal conductivity between the tensile and compressive 

pecimens in the as-deposited state can be directly correlated to 

icrostructure. As discussed earlier, the W layers of the tensile 
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Fig. 7. (a) XRD θ-2 θ scans of tensile NMLs as deposited and annealed at 30 0 ◦C, 60 0 ◦C and 80 0 ◦C; (b) XRD θ-2 θ scans of compressive NMLs as deposited and annealed at 

300 ◦C, 600 ◦C, 800 ◦C and 850 ◦C; (c) Stress evolution upon annealing measured by XRD at room temperature. For some points the error bars are not visible because they 

are smaller than the circle symbol. 

Fig. 8. Poisson disorder distribution related to interface roughness plotted for com- 

pressive and tensile nanomultilayers annealed at different tem peratures (left axis, 

dashed lines). The corresponding W intralayer disorder σ for both multilayers is 

also shown on the right axis (continuous lines). 
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Fig. 9. Thermal conductivity of the tensile and compressive samples as a function 

of annealing temperature. 
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ML are much more disordered compared to the W layers of the 

ompressive NML (see Section 3.1.2 ). The interfacial roughness of 

he tensile NML is also much higher than that of the compressive 

ML. Moreover, the tensile NML has a smaller grain size (see STEM 

haracterization in Fig. 2 and related discussion). The structure dis- 

rder and smaller grain size result in a significantly lower thermal 

onductivity of the as-deposited tensile NML [13,54,78–81] . 

The thermal conductivity of the tensile and compressive speci- 

ens after annealing at different temperatures was also measured 

after cooling down to RT): see Fig. 9 . Within the uncertainty of the

easurement, the thermal conductivity of the compressive NML 

emains approximately constant up to 800 ◦C, followed by a sharp 
9 
ecrease at 850 ◦C. Indeed, the compressive NML remains stable up 

o 800 ◦C. The NML-to-NC transformation sets in at T > 800 ◦C and

s partially completed after the annealing at 850 ◦C. The nanocom- 

osite structure introduces additional electron and phonon scatter- 

ng mechanisms, resulting in a substantial decrease of the thermal 

onductivity [82–85] . A completely different trend is observed for 

he tensile NML. The thermal conductivity of the tensile NML grad- 

ally increases with annealing temperature, which is attributed 

o the reduction of atomic disorder (see Section 3.2.1 ). Cancellieri 

t al. [13] also noticed a similar thermal conductivity increase dur- 

ng the NML-to-NC transformation; however, contrary to this work, 

he stress state was not defined. Therefore, the findings of our 
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Table 2 

Total resistance between the Al transducer and the Si substrate, R th, 

for the as-deposited and annealed (at 600 ◦C) Cu/W nanomultilay- 

ers, as derived by SSTR and TDTR. 

Specimen 

R th value (m 

2 K GW 

−1 ) 

SSTR TDTR 

Tensile as-deposited 71 ± 14.9 79 ± 9 

Compressive as-deposited 64.5 ± 12.7 70 ± 9.1 

Tensile annealed at 600 ◦C 78.1 ± 14.8 75.7 ± 8.9 

Compressive annealed at 600 ◦C 67.1 ± 14.8 73.5 ± 9.2 
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tudy are crucial for correlating stress state, microstructure and 

hermal properties of Cu/W NMLs. 

The total resistance between the Al transducer and the Si sub- 

trate (i.e., the R th value) was also measured by SSTR for the as- 

eposited and NMLs annealed at 600 ◦C. The results are presented 

n Table 2 ; the error bars represent the measurement repeatabil- 

ty, the uncertainty of the experimental proportionality constant, 

s well as the Al transducer and Si substrate thermal conductivi- 

ies. The R th values derived from the SSTR measurements can be 

ompared to the corresponding R th values obtained by TDTR (see 

able 2 ). The R th values derived independently by SSTR and TDTR 

re in excellent agreement (within the uncertainty of both mea- 

urement methods) and nearly the same for the selected samples, 

espite the vastly different microstucture and thermal conductiv- 

ty of the different Cu/W NML variants. This indicates that the 

ontribution of the Cu/W multilayers to the total resistance, R th, 

s relatively small. This suggests that the thermal performance of 

 NML device or functional component with a similar geometry 

ill not be significantly impacted by the stresses and microstruc- 

ure generated during fabrication. However, such intrinsic stresses 

nd microstructure will adversely impact the thermal stability and, 

hereby, the device lifetime. 

. Conclusions 

Cu/W nanomultilayers (NMLs) have been deposited by DC mag- 

etron sputtering and their stress state and microstructure have 

een tuned by acting on the deposition parameters. On one hand, 

igh Ar-pressure and low gun power favor the development of 

 tensile stress, a disordered microstructure, and intermixing at 

he interfaces. On the other hand, NMLs produced under low Ar- 

ressure and high gun power display a compressive stress and a 

ense and compact structure with sharp interfaces. The stress state 

nd the microstructure have been observed to affect the thermal 

tability and thermal conductivity of the NMLs. The compressive 

ystem has manifested overall better performance: its thermal con- 

uctivity is 2.5 times higher than that of the tensile system in the 

s-deposited state. This number directly scales with the internal 

ositional atomic disorder which is also ∼ 3 times higher in the 

ensile samples. Additionally, the compressive sample is thermally 

ore stable and it requires much higher annealing temperatures 

o turn into a nanocomposite. Although the thermal conductivity 

f the tensile sample improves with annealing, it underperforms 

he compressive sample until 800 ◦C. Despite these advantages of 

he compressive NML, the tensile NML can be appealing in ap- 

lications such as brazing, where the transition from NML to NC 

s desirable at lower temperatures. Therefore, our study can pro- 

ide guidelines for adequately choosing the deposition parameters 

o significantly reduce the brazing temperature and thereby, the 

ost. However, for such joining applications, a trade-off between 

ifferent properties must be found, since the stress state and the 

icrostructure are intrinsically bounded. The critical interplay be- 

ween the internal stress and microstructure was clearly shown in 

elation to properties like thermal stability and thermal conductiv- 
10 
ty. This work paves the way to establish a link between nanoscale 

nterface structure and physical properties in multilayer systems 

owards an optimized microstructure for targeted applications. 
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