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ABSTRACT

The choice of metals, bonding conditions and interface purity are critical

parameters for the performance of metal–metal bonding quality for quantum

cascade lasers (QCLs). Here, we present a novel approach for the thermocom-

pression bonding of Cu–Cu thin films on GaAs-based waveguides without

having any oxide phase, contamination or impurities at the interface. We

designed a hybrid system in which magnetron sputtering of Ta, thermal

evaporation of Cu and Cu–Cu thermocompression bonding processes can be

performed sequentially under high vacuum conditions. GaAs/Ta/Cu and Cu/

Ta/GaAs structures were thermocompressionally bonded in our in-situ home-

built bonding system by optimizing the deposition parameters and bonding

conditions. The grown thin film and the obtained interfaces were characterized

using x-ray diffraction (XRD), scanning electron microscopy (SEM) and energy-

dispersive x-ray spectroscopy (EDX) techniques. The optimum Ta and Cu films’

thicknesses were found to be about 20 nm and 500 nm, respectively. EDX

analysis showed that the Ta thin film interlayer diffused into the Cu structure,

providing better adhesivity and rigidity for the bonding. Additionally, no oxi-

dation phases were detected at the interface. The best bonding quality was

obtained when heated up to 430 �C with an applied pressure of 40 MPa during

bonding process.
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1 Introduction

Quantum cascade lasers (QCLs) are still under

development as terahertz (THz) wave generation

sources for a variety of functional applications [1, 2].

The major interest in this field is developing compact,

coherent wave emission sources for sensing, imaging

and spectroscopic applications [3, 4]. Furthermore,

some detection devices like THz near field radars can

detect explosive materials, toxic gases, and biological

warfare and are of interest for military applications

[5]. The first experimental demonstration of a QCL

was produced by Bell Laboratories in 1994 and

operated with a wavelength of 4.3 lm and 8 mW

peak power. Originally, these lasers operated in

pulsed mode at cryogenic temperatures [6, 7]. Since

then, QCL technology has been greatly improved.

Presently the use thermoelectrical cooling and can

provide a wavelength range of 3.5–24.0 lm, between

mid-infrared and far-infrared [8–15], and elevate the

peak power to watt levels [16, 17]. Moreover, devel-

opment of pulsed devices enabled the lasers to pro-

vide wavelength up to 16.0 lm [18]. However,

cryogenic cooling is still required for longer wave-

lengths [19] and the maximum operating tempera-

tures appeared to be in the range of 175–210 K for 3.0

THz emissions [20, 21].

The new generation of THz QCLs is developed-

based on quantum confinement that leads to inter-

subband transitions. They use a double-surface

waveguide grown on GaAs substrate while emitting

at 4.6 THz. The operating temperature is still a

problem due to secondary phase formation at the

waveguide interface which produces heat sink to

maximum 4 mW in liquid-nitrogen environment [22].

Various approaches have been developed to avoid

heat sink phenomena such as Cu–Cu chemical

bonding by Benzocyclobutene or direct Cu–Cu ther-

mocompression in a hybrid process with a dielectric

glue connection. Deposition of Cu and ex-situ ther-

mocompression wafer bonding is well known but the

problem is oxidation of the copper layers can cause

problems in the performance of the lasers. The sec-

ond problem is the conection of the copper layers

which are oxidized [23–25]. Elemental copper tends

to oxidize even at room temperature, but bonding has

to be performed above 400 �C for more inter-lattice

diffusion [26, 27]. Although some of the improve-

ments exhibited better performance of the bonded

Cu–Cu interface such as self-assembled monolayer

(SAM) passivation, nevertheless a small amount of

oxide still existed at metallic intersection [28].

The present study reports a novel approach to

avoid any oxide phase formation at the waveguides

interface during Cu–Cu thermocompression bonding

process. A hybrid system consisting of both mag-

netron sputtering and thermal evaporation was

designed and combined into a single vacuum cham-

ber along with an in-situ thermocompression bond-

ing setup. The homemade single vacuum chamber

system was equipped with heaters to apply high

temperatures and mechanical compression to apply

pressure during bonding. As a result, deposition of

tantalum and copper thin films on wafers surfaces

and thermocompressional bonding of Cu–Cu inter-

face could be performed sequentially without

breaking high vacuum conditions. Excellent Cu-Cu

bonding quality was achieved by means of this

method without any undesired phase formation or

impurities at the interface. The structural properties

and elemental compositions of the interface as a

result of bonding have been characterized using x-ray

diffraction (XRD), scanning electron microscopy

(SEM) and EDX analysis.

2 Experimental methods

Metal–metal waveguide devices for thermocompres-

sion bonding procedure were prepared as illustrated

in Fig. 1. GaAs substrates were used for experiments

and play the role of active region and receptor

structures. In final experiments, we used THz QCLs

in which active regions were deposited on GaAs

substrate with thickness of about 650.0 lm and

dimensions of 4-inch wafers. The THz QCLs were

grown by using molecular beam epitaxial (MBE)

method on pure GaAs wafer and the active region is

based on 4 layers of resonant phonon discharge. This

structure was repeated 207 times and the design

radiation frequency is 3.6 THz. Before deposition, the

active region wafer was diced into 5 mm 9 5 mm

pieces which were then mounted on sample holder

using silver paint.

In order to bond active region THz QCLs with the

receptor and avoid any oxide phase formation during

this process, a novel approach has been developed

using a home-built system. The system was specifi-

cally designed to combine thin film deposition

methods and thermocompression bonding process
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into a single vacuum chamber. Thus, the designed

single vacuum chamber system could provide step-

by-step thin film deposition process, followed by

thermocompression bonding without breaking high

vacuum conditions. Figure 2 shows a schematic of

both the internal and external components of the

system. High vacuum conditions inside the main

chamber were maintained by mechanical and turbo-

molecular pumps. The system was equipped with

AC and DC power supplies to provide for thermal

evaporation and magnetron sputtering, respectively.

Moreover, an external apparatus was designed and

connected for mechanical compression.

The physical vapor deposition (PVD) processes

were initiated after reaching a vacuum lower than

5 9 10-6 Torr inside the chamber. First, a tantalum

(Ta) thin film was sputtered onto both samples from a

2-inch Ta target (99.99% purity) at a DC power of

30 W (312.0 V and 80 mA) with argon (Ar) gas flow

of 40 sccm, keeping the chamber pressure at * 10-3

Torr. The copper (Cu) thin film was sequentially

evaporated on top (at 1.2 V and 185 A of AC power)

after the gas flow was stopped and a vacuum con-

dition was established at * 10-6 Torr. The copper

source was a 0.3 mm thick molybdenum thermal

evaporation boat with Cu shot (99.99% purity). The

Fig. 1 The schematic of the

bonded metal–metal

waveguide structure

Fig. 2 The schematic of the home-built system for thermocompression bonding process showing internal and external components
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sample to target and shot distances were 7 and 12 cm

for Ta and Cu, respectively.

The thermocompression bonding of the Ta/Cu-

coated waveguides was performed by using five

externally controllable arms mounted into the depo-

sition chamber (see Fig. 3). Two of the arms were

designed to keep sample holders and the other two

were employed to align samples properly during the

mechanical compression process. The last one was to

control the heater placement. The thermomechanical

bonding process consisted of two main parts:

(i) gradual heating and (ii) mechanical pressure. After

Ta/Cu depositions, the THz QCL active region

sample was raised, and the arm carrying the receptor

sample was flipped by 180� in order to face the active

region on the upper holder. Then, a gradual heating

process was performed by using a quartz lamp and a

resistor. The quartz lamp was placed between the

samples to gradually increase the temperature. In

addition, the receptor sample was heated by a resis-

tor wire to further improve the adhesion. After

achieving the optimum temperature, the quartz lamp

was moved from between the samples to a position

close to the samples in order to maintain the

temperature during the bonding process. The

mechanical pressure was then applied after lowering

the upper holder. The applied pressure was con-

trolled by the springs located outside of the vacuum

chamber and determined with respect to the sample’s

size. The optimum compression pressure was found

as 40 MPa.

Figure 4 shows the simultaneous measurements of

temperature and pressure during the bonding pro-

cess. The temperature was gradually increased to the

optimum processing temperature. When the thermal

peak of 430 �C was reached, a mechanical compres-

sion of 40 MPa was applied for bonding. After

bonding process was completed, the lamp was

turned off and the sample was left to cool. During the

entire bonding operation, high vacuum condition

(about 10-6 Torr) was maintained inside the

chamber.

Fig. 3 The schematic of thermocompression bonding procedure.

(a) The position of components before the deposition. (b) The top

and right view of the system. (c) The coating and bonding

positions from different section views. (d) The positioning of

quartz and resistor heaters before and after thermal operations
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3 Results and discussion

3.1 Thickness optimization

Thickness of Ta and Cu thin films was optimized

using surface profilometry. Figure 5(a) shows the

thickness of Ta films sputtered for various deposition

times. Data points were connected by lines for guide

to eyes. The thickness of Cu films was optimized by

evaporating different amounts of Cu shot placed in

the molybdenum boat (see Fig. 5(b)). The thin film

thicknesses used were around 20 nm for Ta and

500 nm for Cu. The thickness distribution over the

substrate surfaces were measured by Veeco DEK-

TAK150 surface profilometer for determination

homogenuity of the films. The thickness variation for

both Cu and Ta films are less than 1% in 5 mm 9 5

mm sample size.

3.2 Characterizations of copper thin film

Scanning electron microscopy (SEM) images were

taken to investigate surface morphology of Cu films

evaporated on the substrates. Figure 6 shows SEM

images obtained at different magnifications. SEM

analysis clearly shows that thermal evaporation

method could provide a smooth and uniform coating

of Cu on the substrate without any sign of cracks

commonly seen in DC magnetron sputtered Cu films.

Microstructural features of Cu films seen from SEM

images show that a homogenous distribution of

grains with similar size was observed over the

surface.

Crystallographic structure of evaporated Cu films

was characterized with x-ray diffraction (XRD) anal-

ysis. Figure 7 shows a XRD spectrum taken from an

as-deposited Cu thin film. There are three peaks

observed at diffraction angles of 43.3�, 50.5� and 74.1�
that correspond to the (111), (200) and (220) crystal

orientations of Cu, respectively [29, 30]. In addition,

there are two small peaks appearing at around 39.0�
and 46.0� that correspond to CuO [31, 32]. Since the

evaporation process was performed at high vacuum

conditions, the formation of CuO grains inside the

deposited Cu thin film was attributed to the possibile

oxidization of Cu the shot used as source material for

thermal evaporation. In addition, Rietveld refinement

Fig. 4 Temperature and vacuum pressure profiles during

thermocompression bonding operation

Fig. 5 Thickness of (a) Ta thin film with respect to deposition

time, and (b) Cu thin film versus Cu mass evaporated
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was conducted on the XRD data in order to obtain

crystal structure parameters (Table 1). Rietveld anal-

ysis by match software phase identification program

has been carried out. At the beginning, the

experimental details are selected and introduced to

program as radiation type (X-rays), wavelength

(1.54 Å) and diffraction angle range. The diffraction

data is imported to the program software and the

candidate (potential) phases are listed (phase identi-

fication procedure has been run). The best matching

phases are chosen and after selecting the matching

phases, the analysis report is obtained that includes

the peak list via the 2h, d spacing, FWHM values.

Both Rietveld analys results and experimentally

obtained XRD data are consisted with the reports

found in literature and matches well with JCPDS

card.

XRD analysis is a simple and powerful method to

estimate crystallite size. The average crystallite size

can be obtained using the Scherrer equation [33]:

D = K k/bcosh where K is the shape factor, k is the

X-ray wavelength, h is the Bragg diffraction angle,

and b is the full-width at half-maximum (FWHM) of

the peak corresponding to h. K = 0.9 was used to

estimate the crystallite size D. The calculated D val-

ues are only estimates since the exact value of the

constant K is unknown for the present system [34, 35].

The calculated average crystallite size of the Cu thin

film for each peak is listed in Table 1. If we take the

average of this results, we get 30 nm that is consistent

with evaporated copper thin films found in literature

[36].

3.3 Cu–Cu interface characterizations

Cu-Cu interfacial structure after the in-situ thermo-

compression bonding process was investigated

through cross-sectional SEM imaging. In order to

obtain a good side view of the interface, the films

were detached from the substrates and buried into

epoxy resin. Afterwards, it was first polished with a

sandpaper, followed by diamond polishing liquids

with particle sizes of 9.0 lm, 3.0 lm and 1.0 lm in

sequence to reveal the interface. The inset in

Fig. 8(a) depicts an optical microscope image of the

sample in the epoxy resin which demonstrates a clear

side view obtained after the polishing process. Fig-

ure 8(a) shows a cross-sectional SEM image of a well-

bonded interface where a clean connection of Cu

films can be seen. Figure 8(b) displays a SEM image

of a poorly bonded interface for comparison. It

clearly exhibits the deformations and cracks along the

interface. This deformity was probably formed dur-

ing the mechanical compression process. The epoxy

Fig. 6 SEM images of thermally evaporated Cu thin films at

various magnifications. (a) 25,000 3 and (b) 50,000 3

Fig. 7 XRD spectrum of thermally evaporated Cu films
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resin filling the cracks and voids at the interface is

visible in the SEM image. Interfacial analysis of the

SEM images exhibits the preoccupation of forming a

thin Matano interface between Cu and Cu layers that

is responsible for mechanical cohesion [37]. On the

other hand, nucleation of dislocations on grain

boundaries is responsible for small-scale molecular

motion between layers [38–40].

Energy-dispersive x-ray spectroscopy (EDX) mea-

surements was performed on various parts of the

cross-section to analyze the elemental composition

around the interface. Figure 9(a) displays the six

spots from which the EDX spectra were acquired.

Figure 9(b) shows an example EDX spectrum taken

from the bonding point marked as Spectrum 5.

Atomic weight percentage values obtained from EDX

analysis for all six positions are given in Table 2.

As expected, Ga and As elements were observed

without Cu and Ta from the EDX analysis performed

on the sites away from the interface (Spectrum 2 and

3). Spectrum 1, taken from the spot closer to the

interface, shows Ta and Cu elements’ presence. Ga,

As, Cu and a small amount of Ta were found around

the interface and bonding point. No traces of oxi-

dization were observed at any of these locations. EDX

results confirmed the diffusion of Ta atoms into Cu

structure. This improves the Ta/Cu interfacial cohe-

sion. It is known that Ta particles can diffuse into

grain boundaries of Cu film, forming a thermally and

structurally more stable Ta/Cu alloy. Stabilization of

Cu grain boundaries by the diffusion of Ta

nanoparticles is explained by the Zener pinning effect

[38]. In addition, no impurities nor oxidation

appeared at the Cu–Cu bonding interface. This

proves that our proposed thermocompression bond-

ing method prevented any phase formation at the

interface. Since having lower waveguide losses and

higher operating temperatures compared to Ti/Pt-

based metal stacks [41–43], Ta/Cu-based metal

claddings would be more suitable for THz QCL

applications.

4 Conclusion

We presented a novel approach for the thermocom-

pression of Cu–Cu thin films on GaAs substrates

which results in a stronger bonding without any

oxide formation at the interface. We designed a

hybrid system consisting of a magnetron sputtering,

thermal evaporation and thermocompression bond-

ing systems in a single vacuum chamber. This special

design enables the performance of these three oper-

ations in sequence without breaking vacuum condi-

tions. Moreover, as a result of the unique combined

system, no contamination, oxidation or impurities

appear at the bonding interface. In order to test the

Table 1 Rietveld refinement

results for the thermally

evaporated Cu films

Position [2h] Height [cts] FWHM [2h] d spacing [Å] Rel. Int. [%] Crystallite size [nm]

38.96 3144.06 0.19 2.31 25.30 44

43.38 14,402.05 0.26 2.09 99.38 33

50.53 4247.90 0.37 1.80 24.86 24

74.32 411.75 0.49 1.28 5.62 20

Fig. 8 Cross-sectional SEM images of Cu–Cu interface taken

from (a) a well-bonded sample, inset: optical image of the sample

buried in epoxy resin and (b) a poorly bonded sample

J Mater Sci: Mater Electron (2021) 32:15605–15614 15611



bonding quality of our homebuilt system, we fabri-

cated GaAs/AlGaAs-based waveguide devices. The

active region and receptor sides of the waveguides

were first coated with a thin layer of sputtered Ta

film, and then Cu was thermally evaporated on top.

Cu-coated surfaces were initially brought face-to-face

by means of externally controlled arms, and then

gradually heated to high temperatures. The last step

was an application of mechanical pressure, applied

externally, to initiate bonding. The thickness of the

deposited thin films, the deposition parameters and

the bonding conditions (temperature and pressure)

were optimized to achieve the best bonding quality.

Interfacial and structural characterization was per-

formed on thin films, grown by this unique growth

chamber, using x-ray diffraction (XRD), scanning

electron microscopy (SEM) and energy-dispersive

x-ray spectroscopy (EDX) techniques. Optimum

thicknesses were 20 nm and 500 nm for Ta and Cu,

respectively. EDX analysis showed that Ta thin film

was diffused into Cu structure, improving the

strength and cohesion of Ta/Cu. In addition, no

oxidation phase was detected at the interface. The

best bonding quality was obtained at 430 �C under

the mechanical pressure of 40 MPa. Therefore, the

proposed approach for the step-by-step fabrication

with this unique system and metal–metal bonding of

waveguides could be applied in the manufacturing

Fig. 9 EDX analysis was

performed for various sites.

(a) Cross-sectional images

showing the regions where

EDX spectra were obtained.

(b) EDX spectrum taken from

the bonding point

Table 2 Atomic weight percentage of the elements obtained from

EDX analysis

Weight % Ga As Ta Cu Total

Spectrum #1 48.99 0 10.34 40.67 100

Spectrum #2 49.80 50.20 0 0 100

Spectrum #3 49.99 50.01 0 0 100

Spectrum #4 41.95 39.12 3.20 15.73 100

Spectrum #5 28.41 15.96 3.77 51.86 100

Spectrum #6 44.57 41.29 2.65 11.56 100

15612 J Mater Sci: Mater Electron (2021) 32:15605–15614



process of commercial QCLs to improve their lasing

performance.
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