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a b s t r a c t

We investigated the lattice strain of nano-twinned Cu (nt-Cu) and regular Cu redistribution

lines (RDLs) at 215, 300, 375 and 434 K using x-ray nanodiffraction; this technique has

spatial resolution 100 nm. We found that the largest thermal strain or stress appeared at

the corner of a Cu line at which the line turns 90�. As the maximum thermal stress in both

Cu lines did not exceed the yield strength of Cu, there was no plastic deformation at the

highest temperature, 434 K. There was, however, a stress gradient in the corner, which

might cause early failure in thermal cyclic tests. In nt-Cu lines, the stress value in the

corner is 4.5% greater than the neighbor area at 375 K, and 7.4% greater at 434 K. The

maximum stress of nt-Cu is 344.6 MPa at 434 K; the maximum stress of regular Cu is

363.8 MPa.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

As the improvement of computing ability due to miniaturi-

zation of Si chips is nearly ending, the role of advanced

packaging technology has received attention. For example,

the integrated fan-out wafer-level packaging (InFOWLP) [1e7]

can effectively achieve the goal of high electrical
(C.-Y. Chiang), chihchen

d by Elsevier B.V. This
performance, small power consumption, large I/O number

and low cost. In previous studies [8,9], the redistribution line

(RDL) in FOWLP was observed to crack at the die edge after a

thermal cycling test (TCT). For this reason, the toughness of

nano-twinned Cu (nt-Cu) and regular Cu lines were investi-

gated [10], which showed that the nt-Cu has a greater resis-

tance to fatigue than regular Cu. The thermal strain and
@nycu.edu.tw, chihchen98@yahoo.com (C. Chen).
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stress in fine RDL at varied temperatures during TCT were

not, however, investigated.

Nanotwinned Cu is known to possess excellent electrical

conductivity and mechanical properties [11]. nt-Cu could thus

be suitable for RDL in high-performance devices, but the

preparation of RDL by pulse electroplating is inappropriate in

the electrical industry because of its long electroplating time.

In 2012, Hsiao et al. introduced direct-current electroplating of

nt-Cu, which solved the problem of the long electroplating

time of nt-Cu [12,13]. In particular, the (111)-preferred oriented

nt-Cu has the greatest rate of surface diffusion and the

smallest rate of oxidation [14,15]; these properties are bene-

ficial for Cu-to-Cu direct bonding [15]. Moreover, its resistance

against electromigration is four times that of regular Cu; the

thermal stability is up to 300 �C for 1 h [16,17]. The abnormal

grain growth of nt-Cu can also improve the bonding strength

of Cu-to-Cu interconnects [18,19]. (111)-preferred oriented nt-

Cu is hence a promising candidate for RDL in the next gen-

eration of packaging.

National Synchrotron Radiation Research Center (NSRRC)

in Hsinchu, Taiwan is the first synchrotron radiation facility in

Asia; of its two accelerators, Taiwan Light Source (TLS) and

Taiwan Photon Source (TPS), the latter is one of the brightest

synchrotron light sources in the world. It can meet the de-

mand from nanoscience in its low-emittance synchrotron

storage ring and booster station. In this work, we used the

station at TPS-21A to study themicrostructure of Cu lineswith

x-ray nanodiffraction techniques. The x-ray nanodiffraction

beam has spatial resolution 100 nm; it can thus serve to

measure the stress distribution in fine Cu lines.We performed

a highly precise measurement of thermal strain from a single

domain of the Cu RDLwith x-ray nanodiffraction analysis.We

prepared nt-Cu RDL test samples with regular Cu RDL for

comparison. We observed that strain or stress accumulated at

the corner of Cu RDL; the strain in these hot spots is 7.4%

larger than in neighboring areas. We suppose that, if strain

accumulates during a TCT test, the corners of Cu RDL would

be weak points for early failure in the Fan-out package. In

addition, the stress distribution is important for Cu lines

because stress migration can occur in Cu lines and cause

voiding-induced failure there [20e23].
Fig. 1 e Secondary electron image of vehicle. (a
2. Experimental

We prepared Cu RDL of two types on silicon substrates; they

are nanotwinned Cu line and regular Cu line. The electrolyte

contained CuSO4 (0.8M), HCl (40 ppm), H2SO4 (100 g/L) and

additives. We applied 4 and 1.5 ASD (A/dm2) at room tem-

perature to fabricate the nanotwinned Cu line and regular Cu

line, respectively. The thickness of Cu lineswas about 0.75 mm,

because the thickness of RDL for next-generation packaging is

about 0.8 mm. To measure the thermal strain in the Cu lines,

we used lithography to fabricate the lines (width 2 mm), as

shown in Fig. 1a.

The nanoscale x-ray diffraction measurements were per-

formed at Taiwan Photon Source (TPS) beamline 21A in Na-

tional Synchrotron Radiation Research Center (NSRRC),

Taiwan. In this beamline, the spatial resolution of x-rays can

be focused down to 100 nm. For comparison, the ordinary

spatial resolution of XRD is about 300 mm, which is 3000 times

that of the nano-focused x-rays. Based on the excellent spatial

resolution of nano-focused x-rays, the crystalline properties

in the microstructure can be measured. This beamline also

accommodates a FE-SEM system to navigate the nano-focused

x-rays on a specific region, for which we sought to measure

the lattice parameters. The distribution of lattice strain in Cu

lines can be examined with this high-resolution instrument.

Fig. 1b shows the area for the measurement, which is

15 mm� 15 mm. The variation of temperature in this study was

from 215, 300, 375e434 K. The reason for selecting these

temperature ranges is that usually electronic devices need to

pass temperature cycling tests (TCTs) from 218 e 423 K. The

Cu lines in the devices experience high thermal stress during

the temperature changes. Therefore, it is of interest to know

the stress types and magnitudes in the Cu lines at various

temperatures. Although there are other methods to measure

the strain with XRD [24e30], we measured the lattice param-

eter with the Bragg method, shown in Eq. (1),

nl¼ 2d sin sin q (1)

In which l is the incident wavelength of x-rays, d is the

spacing of the crystal layers, q is the incident angle.
). Overview of vehicle (b). Measured region.
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Fig. 2 e Microstructures and XRD patterns of nt-Cu and regular Cu lines. Cross-sectional FIB images along the short (a) and

long (b) axes of the nt-Cu lines. Dense twins are observed. Average twin spacing is 40 nm; average grain size is 280 nm.

Cross-sectional FIB images along the short (c) and long (d) axes of the regular Cu lines. XRD patterns of nt-Cu and regular Cu

lines. In either case of nt-Cu line or regular Cu line there is a strong orientation (111).
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Monochromatic x-rays (8.38 keV) irradiated the Cu lines at

fixed incident angle 45�; the diffraction patterns of Cu lattice

plane (222) were collected with a detector (Pilatus 6M) at

reflection geometry 90�. The sample was moved with a pre-

cision stage (SmarAct) at an interval of 200 nm. The entire

systemwas integrated into a high-vacuum chamber (10�7 torr)

to avoid air scattering of diffracted signals. The lattice strain at

various temperatures was calculated with Eq. (2) from Cu

lattice plane (222) at each measuring point,

ε¼Dd
d0

¼ ds � d0

d0
(2)

in which ε is lattice strain, ds is the strained lattice parameter,

d0 is unstrained lattice parameter, which is taken to be the

standard lattice parameter of Cu, a ¼ 0.3617 nm.

To ensure that the maximum thermal stress was less than

the yield strength of Cu, we performed a tensile test using a

tensile-test machine (AGS-X, Shimadzu, Japan) with strain

rate 10�3 1/s. The diffraction pattern in Fig. 2e was examined

with an x-ray diffractometer (D2 XRD). The microstructure of

the copper lines was observed with a focused ion beam (FIB).
3. Results and discussion

Fig. 2 shows the cross-sectional FIB images along the short and

long-axes of the nt-Cu and regular Cu lines. The twin spacing

of the nt-Cu line is about 40 nm; the grain size is about 280 nm.

The regular Cu line has no twin microstructure. The x-ray

diffraction pattern observed with XRD-D2 in Fig. 2e shows that

both Cu lines have a strong (111) orientation, but wemeasured

the thermal strain of the spacing of plane (222) because of a

beamline limitation. The range of 2q scan was about 90� ± 20�;
the energy range of the incident beamcan switch from 6 keV to

26 keV. Under these beam conditions, plane (222) has the

smallest index that can be detected. As that plane (222) belongs

to the same family as plane (111), the intensity of (222) can

represent the intensity of (111); the (222) inter-planar spacing

can be used to calculate the strain and stress.

The distribution of intensity in the diffraction pattern is

recorded in Fig. 3. Fig. 3a shows the total distribution of in-

tensity of the diffraction pattern. We selected the (222) plane
Fig. 3 e Intensity of diffraction pattern.
and set a threshold to eliminate the background signal. The

purpose of showing all plane distribution of intensity was to

identify the intensity difference between all planes and (222)

plane. We measured the thermal strain of the spacing of the

(222) plane because of a beamline limitation. Under these

beam conditions, plane (222) has the smallest index that can

be detected. As that plane (222) belongs to the same family as

plane (111), the intensity of (222) can represent the intensity of

(111); the (222) inter-planar spacing can be used to calculate

and investigate the lattice strain and stress of the Cu lines.

The intensity distribution (222) of the diffraction pattern is

shown in Fig. 3b. Some signals disappeared in Fig. 3b from

Fig. 3a because of the misorientation of Cu lattice plane (222).

After obtaining the distribution of (222) intensity of the

diffraction pattern, we set a threshold to eliminate the back-

ground;we then calculated the thermal strain according to the

shift of signal (222), so as to obtain the thermal strain map

shown in Figs. 4 and 5.

Fig. 4 is a thermal strain map of the nt-Cu line measured at

215, 300, 375 and 434 K. The dashed line in the thermal strain

maps is proposed to show the location of the Cu line. We

observed the thermal strain at the corner, especially that at the

T intersection point of the nt-Cu line that strain is greater than

for the straight parts of the nt-Cu line at 375 and 434 K from

Fig. 4c and d. The thermally strained area at the T intersection

point covers a range 2 mm� 2 mm. In the nt-Cu line, the average

thermal strain of the T intersection point is 0.1036%, which is

7.9% greater than the average thermal stress at 375 K. Also at

434 K, the thermal strain at the T intersection point is 0.21%,

which is 7.7% greater than the average thermal strain.

In addition, as the stress concentration factor at the corner

is greater than at the straight parts, cracksmight form at the T

site corner. Moreover, we calculated the thermal strain of the

inner and outer corners of the Cu lines. We found that the

thermal strain of the inner corner is greater than that of the

outer corner. After the TCT test, the strain might hence

accumulate at the inner corner, which could induce an early

failure of Cu RDL. The thermal strain map of the regular Cu

line is inaccurate, as shown in Fig. 5, because regular Cu is

fine-grained, and the crystal texture of regular Cu consists of

not only (111) planes. As some signals in the line could not be

measured or the intensity of the line was too weak to analyze,
(a) Total peak. (b) (222) peak only.
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Fig. 4 e Thermal strain maps of nt-Cu measured at (a) 215, (b) 300, (c) 375 and (d) 434 K. The maximum strain occurred at the

T intersection points in (c) and (d).
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the line shape of thermal strain of a regular Cu line is inac-

curate. In contrast, the columnar structure of a nt-Cu line can

maintain the same orientation from bottom to top; the in-

tensity of the columnar structure is thus greater than of the

fine-grained structure. Fig. 5 has, however, still the represen-

tative thermal strain distributed in a regular Cu line.

The maximum, average and minimum thermal strains of

the thermal strainmap of nt-Cu are shown in Fig. 6a and listed

in Table 1. The maximum and the minimum thermal strains

of a Cu line are respectively the average of the top ten greatest

values and ten least values, so as to eliminate the deviation. In

the nt-Cu line, the average strain at 215, 300, 375 and 434 K is

�0.224%, �0.051%, 0.096% and 0.195%, respectively. The sign

of thermal strain implies “þ” for tension and “-” for

compression. The maximum strain is 0.246% at 434 K and the

minimum strain is �0.336% at 215 K.

The regular Cu line processes a greater thermal strain than

nt-Cu, as shown in Fig. 6b and listed in Table 2. The average

thermal strain of a regular Cu line is�0.208%,�0.051%, 0.131%

and 0.251% at 215, 300, 375 and 434 K, respectively. The

maximum strain is 0.284% at 434 K; the minimum strain is

�0.272% at 215 K in the regular Cu line.
In Fig. 6, we note that the distribution of thermal strain in

nt-Cu is broader than that of regular Cu because of the dif-

ference in the microstructure. The columnar grain in nt-Cu is

measurable at all intensities of signal (222) of entire grains. As

mentioned above, the fine grain in regular Cu might not be

measured at all intensity of thermal strain because of its

random grain orientation, which broadens the distribution of

thermal strain of nt-Cu. As the trends of thermal strain in nt-

Cu lines and regular Cu lines are similar, as shown in Fig. 6, we

assume that the distributions of thermal strain of nt-Cu lines

and regular Cu lines are also similar, which means that ther-

mal strain in the inner corner of the T intersection point is

greater than that in the outer corner in regular Cu. The strain

distribution behavior might, however, differ between the two

Cu lines because of the varied microstructures. The thermal

stressmight cause stress-induced voiding; grain boundary is a

dominant factor in stress-induced voiding in a similar stress

gradient. More grain boundaries might hence lead to earlier

failure.

Furthermore, we used 140 GPa and 128 GPa as Young's
moduli of nt-Cu and regular Cu, respectively. We transformed

the thermal strain to thermal stress with Eq. (3),

https://doi.org/10.1016/j.jmrt.2022.08.049
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Fig. 5 e Thermal strain maps of regular Cu measured at (a) 215, (b) 300, (c) 375 and (d) 434 K.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 2 0 : 2 7 9 9e2 8 0 82804
s¼E � ε (3)

in which s is thermal stress, E is Young's modulus, ε is ther-

mal strain. The thermal stress of both Cu lines is shown in

Fig. 7 and listed in Tables 3 and 4. The average thermal stress

of nt-Cu lines is �341.8, �71.8, 134.7 and 272.5 MPa at 215, 300,

375 and 434 K, respectively. The maximum thermal stress is
Fig. 6 e Thermal strain distributions of (
344.6 MPa at 434 K; theminimum thermal stress is�470.5 MPa

at 215 K. The average thermal stress of regular Cu at 215, 300,

375 and 434 K is �266.5, �64.9, 167.5 and 321.9 MPa, respec-

tively. Themaximum thermal stress of regular Cu is 363.8MPa

at 434 K; the minimum stress of regular Cu is �347.6 MPa at

215 K.

Although the thermal stress in both Cu lines is great and at

this stress level the Cu thin film could have abnormal grain
a) nt-Cu line and (b) regular Cu line.
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Table 1e Summary of variation of thermal strain of nt-Cu
with temperature.

nt-Cu T/K 215 300 375 434

Maximum strain/% �0.188 0.005 0.148 0.246

Average strain/% �0.244 �0.051 0.096 0.195

Minimum strain/% �0.336 �0.111 0.044 0.105

Table 2 e Summary of variation of thermal strain of
regular Cu with temperature.

Regular Cu T/K 215 300 375 434

Maximum strain/% �0.154 �0.021 0.16 0.284

Average strain/% �0.208 �0.051 0.131 0.251

Minimum strain/% �0.272 �0.079 0.107 0.222

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 0 : 2 7 9 9e2 8 0 8 2805
growth [31e33], the two Cu lines showed no stress relaxation

or grain growth in this work because the thickness of Cu lines

was insufficient. For thin lines and low temperature, grain

growth occurs with difficulty [34].

To ensure that the maximum stress of both Cu lines does

not exceed the yield strength of Cu, we performed a tensile

test using a dog-bone vehicle. The strain rate was 10�3 1/s; the

gauge length was 12 mm. The stressestrain curve of the ten-

sile test is shown in Fig. 8. The yield strength of nt-Cu is

352.2 MPa, of regular Cu is 367.6 MPa. As both values are

greater than the maximum stress of Cu lines at 434 K, the Cu

lines are not subject to plastic deformation on axis z at 434 K.

The variation in grain size of these Cu lines could result in the

changes in yield strength. As shown in Fig. 2, the grain size of

the regular Cu was smaller than that of the nt-Cu. Thus, the

yield strength of the regular Cuwas greater than that of the nt-

Cu. In fact, the resistance to electromigration (EM) failures of

the nt-Cu lines is of interest. In our recent studies [35e38], we

found that the EM lifetime of nt-Cu lines was significantly

greater than that of the regular Cu lines. This could be

attributed to the EM restrictions of the triple points located at

the intersection of grain and twin boundaries. Thus, for

comparison, we fabricated these nt-Cu and regular Cu lines

and investigated the thermal stress developed in these lines.

Fig. 9 shows the average thermal strain of Cu lines. The

average thermal strain of regular Cu is greater than that of nt-

Cu. Strain out of plane is a compressive strain at 215 and 300 K;

it is a tensile strain at 375 and 434 K in two Cu lines. This

condition makes sense in that, as the biaxial strain is the

tensile strain at room temperature (300 K), the strain (out of
Fig. 7 e Thermal stress distributions of (
plane) is compressive strain. Because of the difference in co-

efficient of thermal expansion (CTE), the strain increased as

temperature increased. In following Eq. (4), the difference in

CTE is the slope of thermal strain at a given temperature [32],

εth ¼af � asub

1� n
DT (4)

inwhich εth is thermal strain, n is Poisson's ratio, af and asub are

the coefficients of thermal expansion of the film and the

substrate, respectively. In the case of a Cu line on a Si sub-

strate, the adjusted CTE of the Cu line was calculated to be

21.875 ppmK�1; for a Si substrate, the CTE is 2.5 ppmK�1, and n

is 0.36. We also fitted the thermal strain measured with x-ray

diffraction; the slopes of nt-Cu and regular Cu are respectively

20 and 21 ppmK�1, which represents themismatch of thermal

expansion coefficient between nt-Cu and regular Cu with a Si

substrate, as shown by the dashed line in Fig. 9. The experi-

mental CTE value is near the calculated value. Previous au-

thors reported that the CTE of a Ag film on SiO2 is greater than

that of bulk Ag; the result shows that Young's modulus plays

an important role in the CTE measurement [30]. A material of

small Young's modulus cannot significantly impact the

expansion of a material with large Young's modulus. In this

research, Young's moduli of Cu are 140 and 128 GPa for nt-Cu

and regular Cu, respectively, but Young's modulus of Si is

165 GPa. Also, the x-ray diffractionmeasurement detected the

normal direction of the film, which means that the CTE

measured by thismethod is perpendicular CTE. Because of the

rigid substrate, a constraint of lateral expansion of thin film

introduced an anisotropic expansion in a thin film. The
a) nt-Cu line and (b) regular Cu line.
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https://doi.org/10.1016/j.jmrt.2022.08.049


Table 3 e Variation of thermal stress of nt-Cu with
temperature.

nt-Cu T/K 215 300 375 434

Maximum stress/MPa �263.1 7.39 206.6 344.6

Average stress/MPa �341.8 �71.83 134.7 272.5

Minimum stress/MPa �470.5 �155.5 61.51 147.7

Table 4 e Variation of thermal stress of regular Cu with
temperature.

Regular Cu T/K 215 300 375 434

Maximum stress/MPa �196.9 �26.4 204.7 363.8

Average stress/MPa �266.5 �64.9 167.5 321.9

Minimum stress/MPa �347.6 �101.5 137.3 284.5

Fig. 8 e Tensile test results of nt-Cu and regular Cu. The

yield strength of nt-Cu is 352.2 MPa and of regular Cu is

367.6 MPa. The maximum thermal stress in nt-Cu and

regular Cu lines does not exceed the yield strength of the

two Cu lines.

Fig. 9 e Average thermal strain of nt-Cu and regular Cu

lines. The dashed line shows the fitted result of thermal

strain of the Cu line. The unit of slope is %/K.
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perpendicular CTE is hence much larger than the parallel CTE

and bulk CTE in this situation.
4. Conclusion

We applied x-ray nanodiffraction to analyze the thermal

strain of nt-Cu and regular Cu lines at various temperatures.

In the nt-Cu lines, the corner at the T intersection point has

4.5% greater strain than the neighboring area at 375 K, and is

7.4% greater at 434 K. The maximum stress of nt-Cu is

344.6 MPa at 434 K; the maximum stress of regular Cu is

363.8 MPa. Although the result of the tensile test shows that

the yield strength of the two Cu lines is greater than the

thermal stress, the corner of RDL would weaken through

strain accumulation during the TCT test. We observed a

mismatch of CTE between Cu line and Si substrate to be 20 and

21 ppm K�1, respectively; these values are reasonable in a

situation in which the substrate is rigid.
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