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ABSTRACT 

One of the most promising techniques for integration in 

advanced packaging is hybrid bonding, which connects dies 

and wafers without the need for solder bumps. This method 

enables a higher density of interconnects with a pitch scale of 

less than 10 micrometers. Additionally, hybrid bonding 

facilitates 3D stacking, increases bandwidth, and enhances 

overall system optimization. 

 

However, measuring properties at the length scale of hybrid 

bonding structures presents significant challenges. These 

difficulties stem from limited access to the features and 

structures being measured, the complex adaptation of 

established macroscale measurement techniques, and the 

intricacies involved in analyzing these measurements. 

 

The Atomic Force Microscope (AFM) is one of the most 

versatile tools available for directly measuring various 

material properties at the nanoscale. It can probe the localized 

mechanical response of a wide range of materials, including 

those used in the semiconductor industry. In this work, we 

demonstrate several AFM mechanical characterization 

modes applied to SiO2/Cu hybrid-bonding-ready patterns. By 

utilizing three AFM modes—Contact-Resonance AFM, 

Single-Step AFM indentations, and Multi-Step AFM 

indentations—we effectively map the elastic-plastic response 

at the nanoscale for these structures. These types of 

measurements and corresponding data are essential for 

enhancing predictive manufacturing in hybrid bonding 

applications. 

 

Although our measurement methods are demonstrated on 

copper prior to hybrid bonding, they can be applied to any 

other relevant material systems for which modeling 

mechanical processes at the nanoscale needs to include the 

effect of fabrication on material properties, such as 

temperature and stress. 

 

Key words: multimodal AFM metrology, nanoscale elastic-

plastic characterization, materials for hybrid bonding. 

 

INTRODUCTION 

The main steps involved in hybrid bonding are relatively 

straightforward: aligning two mirrored dielectric-copper 

patterned surfaces, bonding the dielectric components at 

room temperature, and then fusing the copper pads at 

elevated temperatures. However, due to size constraints and 

differences in thermomechanical properties between the 

dielectric and copper, the heterogeneous integration based on 

hybrid bonding has not yet reached its full potential or gained 

widespread market adoption. Therefore, developing 

measurement methodologies to optimize the hybrid bonding 

processes is both relevant and timely for the semiconductor 

industry [1, 2]. 

 

To this end, we developed a nanoscale elastic-plastic 

characterization method performed at room temperature on 

electroplated copper surfaces arranged in hybrid-bonding-

ready patterns [3, 4]. This methodology combines several 

AFM modes that provide various elastic and plastic 

characteristics of materials at the nanoscale. With high spatial 

resolution and in the same selected area of interest, we 

demonstrated the use of Contact-Resonance AFM along with 

Single-Step and Multi-Step AFM indentation techniques. 

This multimodal approach allowed us to characterize the 

mechanical heterogeneity of the material, quantify 

nanoscopic yield stress statistics, and derive indentation 

stress-strain curves. From these measurements, we clarified 

the mechanisms of early plasticity and determined the 

elastoplastic constitutive response of polycrystalline copper, 

including parameters such as elastic modulus, yield stress, 

and strain-hardening slope. The developed metrology 

underscores the utility and versatility of using AFM for 

characterizing nanoscale mechanical properties, which are 



crucial for the development of heterogeneous integration in 

advanced packaging.  

 

CONTACT-RESONANCE AFM 

Contact-Resonance Atomic Force Microscopy (CR-AFM) is 

a dynamic mode of AFM that relates changes in the 

resonance frequency of the cantilever to the contact stiffness 

between the tip and the sample [5]. The resonance frequency 

in this context depends on both the contact geometry—

including the contact radius under applied loads—and the 

elastic moduli of the tip and the sample. By conducting a 

proper contact mechanics analysis, the measured contact 

resonance frequencies can be converted into the elastic 

modulus of the sample being probed [6, 7]. In recent years, 

significant efforts have been devoted to customizing CR-

AFM measurements for various materials and structures 

relevant to the semiconductor industry [8, 9]. A key feature 

of CR-AFM is its ability to perform measurements in either 

point mode or mapping mode, which allows for elastic 

modulus measurements with a spatial resolution of just a few 

nanometers. This capability is especially important for 

characterizing both in-plane and out-of-plane properties of 

heterogeneous materials. 

 

 
Figure 1. (a) CR-AFM measurements over SiO2/Cu pads. (b) 

Frequency sweeps in CR-AFM showing the difference in 

elastic response between SiO2 and Cu. (c) Indentation 

modulus variation across SiO2 and Cu regions. (d) Histogram 

of the indentation modulus calculated from a CR-AFM scan 

over SiO2/Cu pads. 

 

We recently used CR-AFM to quantify the elastic modulus of 

SiO2/Cu patterns from a die that is ready for hybrid bonding. 

This was done using a Vero AFM (Oxford 

Instruments/Asylum Research, Santa Barbara, CA, USA) 

equipped with a photothermal drive, commonly referred to as 

the blue drive, which actuates the cantilever from its base (see 

Figure 1a). The system also includes interferometric 

detection for measuring the vertical deflection of the 

cantilever.  Individual frequency spectra around the CR 

frequency for both SiO2 and Cu regions are illustrated in 

Figure 1b. To account for potential variations surrounding 

these CR frequencies, we performed a CR map across the 

SiO2/Cu patterns in dual-frequency track mode. An example 

of CR frequency tracking across the SiO2/Cu region is 

displayed in Figure 1c. The CR frequencies obtained from the 

map were then converted into elastic moduli. 

 

The contact mechanics model employed to analyze these 

measurements is the Hertz model. The most relevant 

mechanical parameter, the indentation modulus, is defined as 

M = E/(1 - ν²), where E represents the Young’s modulus and 

ν denotes the Poisson’s ratio. For our analysis, we used SiO2 

as a reference material, with a Young’s modulus of ESiO2 = 72 

GPa and a Poisson’s ratio of νSiO2 = 0.17. This corresponds to 

an indentation modulus of MSiO2 = 74.1 GPa. The indentation 

modulus of the tip, which is made of diamond, is taken as 

MTip = 1250 GPa. Through this analysis, we observed a 

significant variation in the indentation modulus of Cu, with a 

measured value of MCu = 136.4 GPa ± 11.5 GPa. The 

uncertainty is reported from the experimental standard 

deviation of the measurements. The smaller variations in the 

indentation modulus of SiO2, MSiO2 = 74.1 GPa ± 4.1 GPa, 

can be attributed to minor fluctuations in the contact area 

during CR mapping. In contrast, the larger variations seen in 

the indentation moduli of Cu, as illustrated in Figure 1d, are 

linked to the three principal crystallographic directions of Cu. 

The theoretical indentation moduli are 129 GPa, 138 GPa, 

and 141 GPa for <100>, <110>, and <111>, respectively 

[10]. This variation indicates the presence of crystallographic 

heterogeneities within the  Cu pads, which  are  influenced by  

 

SINGLE-STEP AFM INDENTATION 

 
 

Figure 2. (a) AFM topography image of a Cu pad, over which 

an array of 8 × 8 indents was performed. The two insets on 

the right provide enlarged views of the regions around these 

indents. (b) Force versus depth response obtained from a 

Single-Step AFM indentation. (d) The cumulative 

distribution of the maximum shear stress at the first pop-in 

event from indents made on two different Cu pads.  

 

 



the different fabrication processes involved, such as Cu 

seeding via physical vapor deposition, Cu electroplating, 

annealing, and chemical mechanical polishing [11]. 

 

The indentation moduli of Cu, as determined from CR-AFM 

measurements, were subsequently used in the analysis of 

elastic-plastic AFM-based indentations that we conducted on 

Cu. The Single-Step indents were arranged in a square array, 

similar to those depicted in Figure 2a. At each location, we 

performed load-unload tests up to a predefined maximum 

load. A typical example of a Single-Step AFM indentation 

test is illustrated in Figure 2b. During the loading phase, the 

response clearly transitions from the elastic to the plastic 

regime, marked by a pop-in event. 

 

The maximum shear stress 𝜏max
pop-in

 calculated at the first pop-

in on the force versus indentation depth curve relates to the 

onset of plasticity and can be regarded as the nanoscopic 

yield stress. Figure 2c shows the empirical cumulative 

distribution function of these maximum shear stresses 

observed at the first pop-in events from Single-Step 

indentations performed across two Cu pads. As can be seen 

in Figure 2c, these distributions are narrow, ranging from 5 

to 12 GPa, with a median maximum shear stress of 

approximately 8.6 GPa. This value is comparable to the 

theoretical shear strength of copper, which is generally 

estimated to be around G/2π (where G is the shear modulus 

of the material; for Cu<111>, this is about 48 GPa). The high 

values of maximum shear stress, combined with the good fit 

of the empirical cumulative distribution of the measurements, 

suggest that the plastic events observed as the first pop-in in 

the force-depth curves are related to the homogeneous 

nucleation of dislocations. This process is triggered by the 

reconfiguration of a small number of atomic bonds, rather 

than by a larger-scale reconfiguration of the lattice. It is worth 

noting that this is exclusively due to the ability of AFM to 

probe extremely small volumes of materials.  

 

MULTI-STEP AFM INDENTATION 

 
Figure 3. (a) Z-piezo modulation during Multi-Step AFM 

indentations. (b) Force versus depth response of a Multi-Step 

AFM indentation on Cu. (c) Indentation stress versus 

indentation strain curve in the plastic regime derived from the 

fits of the partial unloading segments shown in (b). (d) 

Statistics of the indentation yield stress obtained from 

measurements similar to those presented in (c). 

 

To gain deeper insights into the material's plastic response, 

we perform Multi-Step AFM indentations. As illustrated in 

Figures 3a and 3b, we reach the maximum load through a 

series of loading and unloading cycles. During these cycles, 

we partially unload by up to 25 % of the maximum load to 

ensure consistent contact between the tip and the sample 

during the unloading process. 

 

Using a methodology developed by Pathak and Kalidindi 

[13], we fitted the unloading segments of the multi-step 

indentations (as indicated by the dashed lines in Figure 3b) to 

derive the constitutive relations for Cu in the form of 

indentation stress-strain (ISS) curves. In this analysis, the 

applicability of the Hertz model is extended to examine the 

partial elastic unloads within the plastic regime. This is 

achieved by augmenting the physical tip radius with an 

equivalent tip radius, while retaining the elastic moduli 

measured by CR-AFM. Both the effective tip radius and 

elastic moduli were used to calculate a pair of stress-strain 

values during each of the partial unloading events. A set of 

indentation stress-strain pairs is shown in Figure 3c (blue 

markers). As illustrated, these pairs follow a linear 

relationship defined by a slope ET, which is smaller than the 

elastic slope EE of Cu. Consequently, the slope ET represents 

the linear strain-hardening behavior of the Cu pads, also 

referred to as tangent stiffness. The average value of ET 

obtained from tests over on a Cu pad was found to be 20.3 

GPa. Additionally, by analyzing the intersection of the plastic 

deformation path (the dashed red line in Figure 3c) with the 

0.2 % offset elastic path (the dashed black line in Figure 3c), 

a median indentation yield stress of σĨSS = 0.64 GPa was 

determined. The statistics for the measured indentation yield 

stress values are presented in Figure 3d. These results can be 

compared with yield stress values for copper reported by Niu 

et al. [14], which range from 0.2 GPa to 0.6 GPa, and by 

Ramachandramoorthy et al. [15], which are approximately 

0.4 GPa, both determined using micropillar compression 

tests. It is important to note that the copper tested in [14] was 

a single crystal, while the material in [15] came from micro-

additive-manufactured pillars. 

 

 

CONCLUSIONS 

By combining CR-AFM with both Single-Step and Multi-

Step AFM indentation tests, we have developed a multimodal 

AFM-based methodology for characterizing materials at the 

nanoscale. This approach has allowed us to quantify the 

statistics and characteristics of incipient plasticity, providing 

insights into the nanoscale constitutive behavior of copper 

hybrid-bonding-ready pads. The parameters we obtained—

such as Young’s modulus, yield stress, and strain-hardening 

slope—can be effectively utilized in the design and modeling 

of key hybrid bonding processes, including chemical-

mechanical polishing and diffusion bonding. 



 

We have developed a roadmap for integrating an additional 

AFM-based material property characterization into existing 

AFM metrology used in the semiconductor industry. The 

combinatorial AFM methodology presented here focuses on 

nanoscale mechanical measurements and demonstrates that, 

in addition to critical dimension metrology (such as 

topographic measurements), AFM provides a wide range of 

capabilities for characterizing material properties. Unlike 

other techniques, AFM does not require additional sample 

preparation, allows for high-precision positioning, and can be 

applied in near-line metrology applications. 
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