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Abstract  

This paper presents a novel thermosonic heavy wire and ribbon bonding process using a laser-heated bonding 

tool. The proposed thermosonic bonding process uses ultrasonic and thermal energy in a user-definable compo-

sition to achieve optimal connections. Through the substitution of vibration energy by thermal energy, ultrasonic 

vibration amplitude and/or normal force can be reduced, thus lowering the stress to the substrate. This im-

provement is most significant on substrates which react sensitively during purely ultrasonic bonding like battery 

caps, copper alloys, coated caps/clips or which are fragile like dies or sensors. Alternatively, the additional 

power can be used to reduce bonding time and therefore increase throughput and efficiency, or to produce 

stronger connections within the same bonding time. The temperature distribution at and around the bonding 

interface is investigated. During the process, it is necessary to ensure appropriate absorption of laser radiation 

at the tool tip. For this reason, a special tool with integrated optical fibre and optimized laser absorption was 

developed. Using a pyrometer and a closed-loop controller, the tool tip temperature is precisely controlled in 

real time. The temperature effect on bond strength is investigated; at a given bond duration and ultrasonic pow-

er, tool heating always increased bond strength significantly. Alternatively, the process time required for a de-

sired bond strength could be reduced. Dosed tool heating using laser power is thus a very promising advance-

ment in wedge bonding. 
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Introduction 

Ultrasonic wedge-wedge heavy wire bonding 

is a well-established industrial process for connec-

tions in power electronics [1, pp. 33-38]. It is also 

increasingly used in other applications such as cell 

connections in automotive battery packs [2, 3].  

Ultrasonic wire bonding is a “cold” process; 

instead of melting, the metals are bonded by interdif-

fusion and formation of intermetallic compounds 

induced by the ultrasonic vibration [1, p. 24]. As 

such, the process was originally done at room tem-

perature. 

Today, the vast majority of wedge-wedge 

wire bonds using Al or Cu wire are produced at 

room temperature. For thin Au wire applications in 

both wedge-wedge and ball-wedge technology it is 

common to heat the interface and the whole device 

to about 125 to 220 °C [1, p. 36]. Such a process, 

also increasingly used for Cu wire ball-wedge bond-

ing [4], is known as thermosonic wire bonding be-

cause it uses both thermal and ultrasonic energy. 

Effects of Heat in Thermosonic Wire Bonding 

The main motivation for thermosonic bond-

ing is to provide some of the activation energy re-

quired to initiate interdiffusion of the bonding mate-

rials in the form of thermal energy instead of kinetic 

ultrasonic vibration energy [1, pp. 33-36]. In some 

Au wire applications, especially where normal force 

and/or vibration amplitude are limited by the sub-

strate sensitivity, this is necessary to obtain reliable 

bonds. Bonding at elevated temperature has several 

additional effects which can be positive also when 

processing other materials: 

• Diffusion, a major driver of the bonding pro-

cess, is accelerated at higher temperature. This 

can potentially reduce the required process time. 

• Increasing temperature reduces wire material 

strength and reduces or eliminates strain harden-

ing [5]. Thus, the same wire deformation can be 

obtained with less normal force. This is particu-

larly advantageous on sensitive substrates such 

as dies or sensors, where too high a normal 

force is known to contribute to cratering [1, 

p. 256]. 

• Increased ultrasonic vibration has a similar ef-

fect on the stress-strain curve as increased tem-

perature [6]. Thus, the same process potentially 

requires less vibration if run at an increased 

temperature. This, too, is particularly advanta-

geous on sensitive substrates. 

• The effects of substituting vibration energy by 

thermal energy can also be exploited to process 

wires which would require normal forces or vi-

bration amplitudes beyond the substrate limits at 

room temperature. Examples for such systems 

are heavy copper wire bonds on sensitive silicon 

chips without special metallization [7, 8], but 
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also ball bonds on thin microelectronic struc-

tures [9].  

• Some material combinations, such as the afore-

mentioned Au on Au, or Al on Ag [1, p. 37], 

can only be reliably bonded at increased tem-

peratures. 

Conventional Heating in Wire Bonding 

Despite these potential advantages, thermo-

sonic bonding is rarely used besides ball-wedge and 

Au wedge-wedge applications, mostly due to the 

limitations of available heating technology. 

In current applications, heat is usually sup-

plied through the workholder which clamps the 

package containing the substrate to be bonded [1, 

p. 6] Even if a pre-heating station is used, it takes a 

certain time before the substrate has reached its 

target temperature and the bonding process can 

begin. The whole package is heated, thus it must be 

designed to withstand the increased temperature 

regarding material limits and thermomechanical 

stress. In many applications, such as battery packs, 

this is not possible. It may additionally be necessary 

to prevent oxidation using an inert gas atmosphere 

around the process as it is done in Cu ball-wedge 

bonding [4].  

Oxidation and thermal stress to the package 

can be avoided by not heating the whole package, 

but only the process zone. 

In one of the first descriptions of a thermo-

sonic process, Coucoulas [5] resistively heated the 

bonding tool using a special laboratory setup to 

obtain tool temperatures above 400 °C for bonding 

Al and Cu wires to thin films. While the experiments 

were successful, such a setup never appeared in 

commercial machines, probably due to the rather 

bulky setup and the inefficient heating system. A 

more compact bonding tool with integrated resistive 

heating has been proposed by Cho [10]. There are 

some commercial solutions for heating bonding 

tools by thermal radiation [11] and bonding tools of 

suitable material could also be heated by induction. 

In any case, at least a major part of the bonding tool 

is heated due to the necessary extent of the required 

parts and the good thermal conductivity of typical 

wedge bonding tool materials. For the same reason, 

heating takes some time and the maximum tempera-

ture is limited, as the ultrasound transducer must not 

exceed its maximum operation temperature.  

Laser Heating in Wire Bonding 

In ideal thermosonic bonding, only the pro-

cess area is heated and only as much energy is sup-

plied as is required to keep bond pad and wire at the 

required temperature level during the bonding pro-

cess. The ideal heat source for such a process deliv-

ers high power directly to the process zone. 

If the heating power is too low, parts must be 

heated well before the actual bonding process, using 

their heat capacity and thermal conduction to pro-

vide the required heating power to the process. If the 

heating acts far from the process zone, one must rely 

on long distance thermal conduction to heat the 

process zone. Both cases result in a lot of wasted 

energy and undesired heating of parts that shall 

remain cool, such as the ultrasound transducer. 

Lasers can provide high power to a small area 

and thus are a promising energy source for thermo-

sonic bonding. Some researchers have therefore 

investigated laser heated wire bonding in the past: 

Savu et al. [12] bonded heavy Au wire on Cu 

substrate, heating the wire with a near infrared (IR-

A) laser before and during ultrasound vibration. 

They did not investigate the resulting bond strength. 

Liu et al. [13] use an IR-A (808 nm) laser to heat 

bond pads on a MEMS locally and only shortly 

before they are contacted by the Au wire ball. 

Schneider et al. [14] use an IR-A (1080 nm) laser to 

heat heavy Cu wire before applying ultrasonic vibra-

tion to bond the wire to Cu plates. Both teams of 

researchers observe an increase in bond strength 

with increased laser power. 

However, such processes suffer from the high 

reflectance of typical bond pad and wire materials 

such as Ag, Al, Au, Cu. Only a small percentage of 

infrared laser energy, typically less than 5 % [15], is 

converted into heat in the process zone. The rest is 

reflected in an uncontrolled way, causing undesired 

heating of other parts and posing a potential hazard. 

The laser power must be much higher than the heat 

flow required by the process. 

Uncontrolled laser reflection into the envi-

ronment can be greatly reduced, albeit not complete-

ly avoided, by guiding the laser beam inside the 

bonding tool, for example using a fibre as shown in 

Figure 1, and only activating the laser when the 

bonding tool touches the wire. But this does not 

solve the issue of low absorption, most laser energy 

is still reflected back into the tool or optical fibre, 

possible damaging the fibre or laser. For the above-

mentioned disadvantages, no laser heating process is 

yet available in a commercial wire bonding machine. 

 

Bonding tool

Optical fiber

Substrate Wire

Fiber end

 
Figure 1: Schematic bonding tool design for di-

rect wire heating with open tip 
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Novel Laser Heated Tool Approach 

To overcome the already mentioned problems 

of low absorption rate of common lasers on standard 

wire and substrate materials, a bonding tool with 

integrated optical fibre and optimized laser absorp-

tion for indirect wire heating was developed. The 

laser radiation is used to heat the tool tip during or 

immediately before the bonding process to heat wire 

and interface by thermal conduction and thus enable 

a thermosonic bond process. This tool offers signifi-

cant advantages compared to a tool with open tip as 

shown in Figure 1. Previous studies have shown that 

standard bonding tool material (tungsten carbide in 

cobalt matrix) has an absorption rate of approxi-

mately 70 % at IR-A wavelengths, much more than 

the less than 5 % of standard wire materials [15]. 

This dramatically increases the share of the laser 

power usable in the process, enabling the use of 

laser sources of relatively low power. 

Mechanical and thermal long-time tests with 

various tool variants were carried out. The operating 

principle and the developed bonding tool are shown 

in Figure 2. central hole in the tool is used to place 

the end of the fibre centrally inside the tool, pointing 

towards the tip. The section towards the tool tip 

increases the effective area on which the laser beam 

is absorbed after leaving the fibre. This reduces the 

intensity of the incident radiation and the resulting 

local thermal stress for the tip. Another important 

benefit is the decreased resulting reflection to the 

laser system because of the beam trap character of 

the geometry. If energy is dissipated at the end of the 

fibre, the resulting heat can damage the fibre and 

also impairs accurate temperature measurements 

through the fibre as described below. 

 

Special 
bonding tool

Optical fiber

Absorption 
surface

Substrate Wire

Fiber end

 
Figure 2: Schematic bonding tool design for indi-

rect wire heating with laser absorption surface  

Finite Element (FE) Heating Simulation 

Based on previous investigations, the process 

temperature required to achieve the desired effects in 

bond formation (time reduction, normal force reduc-

tion, substitution of mechanical vibration power, 

general bondability) was expected to be 150-200 °C, 

which is within the typical range for conventional 

thermosonic processes [1, p. 36].  In order to deter-

mine the required tool temperature for heating the 

interface to this temperature, a 3D finite element 

(FE) model of the contact partners bonding tool, 

wire and substrate/DBC was created using ANSYS. 

As shown in Figure 3, the copper wire with a diame-

ter of 500 μm is placed under a standard wire bond-

ing tool (tungsten carbide in cobalt matrix) on a 

300 μm thick copper layer of a DBC. In order to 

produce the (thermal) contact conditions of a normal 

wire bond, the wire portion under the tool was de-

formed to model the deformation occurring in an 

ultrasonic bonding process in the so-called pre-

deformation phase due to the applied normal force. 

 

Const. 
temperature due 
to laser heatingConvection

Perfect insulation
 

Figure 3: Finite element model for thermal analy-

sis 

 

The following boundary conditions were de-

fined in the thermal simulation in order to obtain 

valid results: The temperature is assumed to be con-

stant in the tool tip due to closed-loop temperature 

control (see paragraph ‘Tool Temperature Control’). 

To consider the natural convection of the cooling air, 

a convective load is placed on the surfaces of the 

tool, wire and substrate with a convection coefficient 

of 5 W/m2 and an ambient temperature of 22 °C. For 

the simulation, the ceramic underneath the DCB 

copper layer is assumed to be a perfect insulator. 

Wire length and substrate extent were chosen so 

large that their outer regions remained very close to 

ambient temperature. 

Thermal conductivities are assumed as 

400 W/(m·K) for copper and 70 W/(m·K) [16] for 

the tool. The simulation results are also affected by 

the contact settings. In ANSYS, the resistance to 

solid/solid thermal conduction per unit area at the 

interface is included as a user supplied real constant 

value of thermal contact conductance (TCC) in 

W/m2K. The relationship between TCC, heat flux 

and temperature is given by: 

 

q = TCC (Thot – Tcold) (1) 

 

where q is the heat flux per unit area (in W/m2), Thot 

(in K) is the local temperature on the hot surface and 
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Tcold (in K) is the local temperature on the cold sur-

face [17]. The current understanding of the Thermal 

Contact Conductance under ultrasonic bonding con-

ditions is limited. Thus, the values of TCC are diffi-

cult to predict. For this reason, the values of TCC for 

the contact tool/wire and wire/substrate are set to 

35x106 W/(m2K) which corresponds to a thermally 

bonded contact of two solids. Due to the high ther-

mal conductivity of copper and the relatively low 

conductivity of the tool material, the heat flow into 

the wire is more than twice as high as the heat flow 

into the upper part of the tool. 

Figure 4 shows the FE-calculated temperature 

distribution in the interface after linearly ramping 

the tool temperature from 22 °C to 400 °C within 

35 ms and then keeping it at this temperature for 

another 300 ms. The resulting temperature in the 

interface rises to 148 °C. The heat affected area in 

the substrate is very small compared to a conven-

tional substrate heater. This approach thus enables 

local heat application to the interface during the 

bonding process without affecting the surrounding 

material very much.  

In addition, simulations were performed for 

different tool temperatures between 100 °C and 

500 °C to evaluate the effect of the tool temperature 

on the resulting interface temperature. The results 

can be seen in Figure 5. As expected, the interface 

temperature shows a typical bounded growth course. 

A steady interface temperature is not achievable for 

typical bond times. This can be explained by the 

high thermal conductivity of copper and the high 

thermal flux into DBC and wire.  

A stationary analysis was also performed to 

calculate the temperature gradient in the bonding 

tool and the transducer. The result is presented in 

Figure 6. It shows that heat conduction from the 

heated tool tip only slightly increases the transducer 

temperature. Thus, heating-induced temperature 

effects on the transducer are very limited. This is 

especially important to ensure a stable bonding pro-

cess over time. 

 

 
Figure 4: Transient temperature distribution in 

the interface of wire and DCB, snapshot for 

400 °C tool temperature after 335 ms 

 

 
Figure 5: Temperature course in the bonding 

interface for different tool temperatures (22 °C 

before 0 s, specified temperature from 35 ms, 

linear ramp in between) 
 

 
Figure 6: Steady state temperature distribution 

within bonding tool (slim rod) and transducer tip 

for a constant tool tip temperature of 400 °C 

 

Tool Temperature Control 

To provide the required energy in the real 

thermosonic process, a near infrared laser source has 

been integrated into the wire bonding setup via an 

optical fibre, cp. Figure 7. The temperature is con-

trolled by pyrometry, with the pyrometer projected 

coaxially into the laser beam by a beam splitter to 

combine temperature measurement and laser heating 

in one optical fibre. This fibre ends in a heavy wire 

bonding tool for copper wires with 500 µm diame-

ter. The pyrometer is connected to an external con-

troller to measure and control the tool tip tempera-

ture simultaneously. Controlling the temperature 

ensures a consistent quality of bond connections. A 

Hesse Mechatronics Bondjet BJ959 automatic bond-

ing machine equipped with a standard wire bond-

head is used for bonding tests on rolled copper 

plates.  

 



Submitted for publication in the proceedings of EMPC – 22nd Microelectronics and 

Packaging Conference, Pisa, Italy, September 16-19, 2019 

 

 

Beam-

splitter

Laser

P
y
ro

m
e
te

r

Control System

Optical

fiber

Bonding tool
 

Figure 7: Schematic of the optical design for im-

plementing a process control 

 

For validation of the temperature control, a 

target temperature profile was defined for the tool 

without contact and without wire which started at 

22 °C, jumped to 500 °C for 14 seconds, and re-

turned to 22 °C. The resulting temperature of the 

tool tip measured using the pyrometer and simulta-

neously using a thermal camera. As the results pre-

sented in Figure 8 shown, the set target temperature 

is reached quickly and accurately. At the beginning, 

rapid warm-up is required, thus the controller quick-

ly increases the laser power, cp. Figure 9. After 

reaching the target temperature, the laser power 

required to hold this temperature decreases signifi-

cantly over time, as less heat is conducted into the 

already heated rest of system. Once the target tem-

perature drops, the laser is switched off and the 

temperature slowly falls towards the 22 °C target, as 

there is no active cooling system. As a reference also 

shown in Figure 8, the temperature was measured 

with a thermal camera. Using similar emission coef-

ficients, the data from pyrometer and thermal cam-

era show good agreement. 

  

 
Figure 8: Set and measured temperature during 

temperature control experiment (free tool tip) 

 

 
Figure 9: Laser power, set by temperate control-

ler, during temperature control experiment (free 

tool tip) 

 

Figure 10 shows the results of a similar in-

vestigation during a bonding process. Each plateau 

indicates a bonding phase using a constant tool tem-

perature of 450 °C, ultrasound is applied for 335 ms. 

Between the heating phases, when the tool moves to 

the next bond location, the temperature drops to an 

undefined value. As the next bond starts, the tem-

perature quickly rises to 450 °C again. Figure 11 

shows a side view of all relevant components during 

this process, observed using a thermal camera. The 

results confirm that the high power of the laser di-

rectly and quickly heats up the tool tip which then 

heats wire and substrate.  

 

 
Figure 10: Resulting temperature plateaus during 

the wire bonding process 
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Figure 11: Temporal development of a tool heat-

ing process during a source bond (thermal cam-

era images) 

Wire Bonding Results with Tool Heating 

For evaluation purposes, the mechanical 

strengths of 500 µm copper wire bonds created using 

the novel thermosonic process are investigated. 

Bonding tests showed a very positive influence of 

the added thermal energy. Figure 12 shows this 

clearly. The target shear force is approximately 

6000 cN. The ultrasonic transducer voltage US re-

quired to achieve this bond strength in a “cold” ul-

trasonic process is defined as US0 = 100 %. At 

US = 50 %, no bond connections were observed. 

However, if the tool tip is heated to a temperature of 

450 °C, a shear force of about 4000 cN is reached 

already at this low voltage. 
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With such a heated tool, the target strength is 

already reached at US = 70 %, doubling the shear 

force of 3000 cN obtained in the corresponding cold 

process. At higher ultrasonic power, the gain is natu-

rally reduced, still is approx. 33 % at US = 100 %, 

where the thermosonic process produces a shear 

force of 8000 cN. The associated bonds show excel-

lent properties with a full-surface intimate welding, 

so that the shear test tool sheared through the wire 

material and the joining zone remained intact (‘nug-

get’, Figure 12, top right). 

Further tests have proven that instead of re-

ducing ultrasonic vibration power, heating the tool 

can also be used to reduce the process time while 

maintaining the same desired bond strength.  

 

  
 T=22°C (without Laser)     T= 450°C (with laser) 

  

 
Figure 12: Shear strength of source bonds 

(500 µm Cu) produced using different ultrasonic 

voltage US and tool tip temperature T 

 

Conclusions and Outlook 

Thermosonic bonding, combining ultrasonic 

and thermal energy to form a bond, has several ad-

vantages over cold ultrasonic bonding. But it can 

currently only be used industrially by heating the 

whole package through the workholder, which ex-

cludes many otherwise promising uses. Lasers can 

provide high power to a small area and thus are very 

promising for the use in thermosonic bonding with 

focused local and temporal heating. The low absorp-

tion rate of most bonding materials is a critical 

drawback for direct laser heating of the bond. This 

drawback is overcome by heating the tool tip in-

stead, which provides very high and constant ther-

mal energy dissipation thanks to its high absorption 

(material property) and the special design of the 

absorption structure (geometry and surface). 

In the presented setup, a bonding tool with in-

tegrated fibre was used. The fibre provides laser 

energy to the tool tip and is concurrently used for 

temperature measurement by pyrometry. The tool tip 

can be heated up to 500 °C, target temperatures up to 

this limit are reached precisely by a closed-loop 

laser power controller. Using a FE model, the effect 

of a heated tool tip on surrounding materials was 

analysed. The results show that the temperature of 

the local interface reaches the desired 150-200 °C in 

a very short time. This was validated using a high-

speed thermal camera. 

Investigation of the temperature effect on 

bond strength shows a significant benefit of laser 

assisted thermosonic bonding over conventional 

ultrasonic bonding. At a given bond duration and 

low ultrasonic power, bonds of significant strength 

could be formed using the thermosonic process, 

while no bond formed in the cold process. At larger 

ultrasonic power, the bond strength increased signif-

icantly compared to the cold process. 

Thermosonic wedge-wedge bonding using a 

laser-heated bonding tool is thus a very promising 

advancement for enabling wire bonding applications 

on sensitive substrates requiring low normal force or 

low ultrasonic vibration as well as for reducing pro-

cess time in any wire bonding process. While not 

investigated in this contribution, it is also expected 

to enable connections not feasible in a cold ultrason-

ic process or increase bondability like in gold bond-

ing.  

Further investigations with aluminium and 

copper wire will be performed in the future to verify 

the results for industrial applications like semicon-

ductor modules with dies and for challenging pro-

cesses like battery bonding. Additionally, deep pa-

rameter studies will be conducted, e. g. with shorter 

process times, as well as extensive endurance tests.  
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