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Abstract

Currently, the integration method of silicon PIN radiation detectors faces challenges such as complex
processes, poor reliability and thick dead layers. Novel integration methods based on metal bonding
technology for realizing the integration of thick and thin PIN detectors are needed with the requirement of
reducing signal crosstalk, package volume and weight. Combined with the current research on metal
bonding technology, this paper presents an extensive review of metal bonding technology, especially metal
Al bonding technology, to provide a certain reference to future research on the bonding processing of high-
performance silicon PIN detector devices.
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1. Introduction

Since the appearance of semiconductor detectors in the early 1960s, semiconductors have been used
to measure charged particles in space. After decades of dedicated effort, semiconductor detection
technology has been greatly developed [1]. The silicon positive-intrinsic-negative (PIN) detector has
become a hotspot in radiation detection research owing to its low reverse leakage current, strong
adaptability to the environment and high stability [2,3,4]. The PIN detector is a structure that includes a
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layer of P-type semiconductor, a layer of N-type semiconductor, and the intrinsic semiconductor (I layer)
between the two. The existence of the | layer can form a large depletion region, which increases the
probability of particle injection, thus enhancing the energy resolution of the detector. Due to its thick barrier
layer and large impedance coefficient, the PIN radiation detector can obtain a low dark current, high
response and is easy to match with the focal plane array circuit. Further, this device structure can improve
the quantum efficiency [5,6] and response speed by adjusting the eigen layer thickness.

Generally, the AE-E telescope for satellites are packaged based on printed circuit board (PCB) and
two independent thin and thick Si-Pin detectors [7]. The AE-E telescope is widely used for heavy ion
detection and tracking, high y short-range particle detection and X-ray detection. When nuclear particles
enter the AE-E telescope, they first interact with the thin detector and lose energy (AE), then interact with
the thick detector and lose the residual energy (E-AE). Since AE is proportional to the particle mass and
inversely proportional to E, the properties of particles can be obtained. To minimize the energy loss of
ingoing high-energy particles in the AE-E detector, there is a certain requirement for the thickness of the
thin detector (less than or equal to 100 ym). However, owing to the material characteristics of the Si
material, the detector device is more likely to be damaged considering that the small thickness detector is
subject to mechanical shock. Moreover, two independent detectors do not conform to the development
trend of miniaturization and integration. Particularly, the PCB board-based package requires heavy fixtures
[4], which increase the system volume and weight. In addition, the two independent detectors will cause
additional dead layers. Therefore, itis necessary to integrate one thin and one thick Si PIN radiation detector
into one unit to provide mechanical support for the thin PIN detector, ensure mechanical reliability, reduce
the dead layer and achieve high detection sensitivity.

Currently, there are many methods for establishing an integrated detector structure, such as forming
a conductive buried layer by injecting high-energy particles [8,9,10] and using cobalt dioxide as a conductive
buried layer [11]. However, most Si PIN radiation detectors use an Aluminum electrode for reducing the
thickness of the dead zone. Nevertheless, dense oxide layers with stable chemical properties can easily
grow on the Al surface, which typically requires the long-term application of high temperature and high
pressure to achieve the bonding process, thus affecting the device reliability. Therefore, the optimization of
bonding conditions is the key focus for integrated PIN detectors.

This paper discusses the bonding challenges of integrated Si PIN detectors. The existing metal
bonding research, especially metal aluminum bonding research, has been analyzed. Research on the
bonding challenges of the Si PIN detector has significant value for the three-dimensional integrated
processing of microelectronic devices.

2. Silicon PIN Radiation Detector

The silicon PIN semiconductor detector is a novel particle injection detector, which consists of a P-
type semiconductor layer, N-type semiconductor layer and an intrinsic semiconductor. Among them, the
two layers on the side have heavy doping, while the middle layer has light doping. The advantages of the
silicon PIN semiconductor are good spatial resolution, high sensitivity, and obvious output signal under the
same irradiation dose. In actual use, multiple silicon PIN detectors are often combined [12].

For the thin PIN radiation detector, a 100 um-thick silicon PIN detector is fabricated based on TMAH
wet etching technology [13], as shown in Figure 1a. Further, in order to improve the reliability of the device,
TMAH thinning technology based on an SOl silicon chip was proposed [14] for effective control of the
thickness of the thin detector, as shown in Figure 1b. Figure 1c,d shows the structure of a typical 1.5 mm-
thick silicon PIN radiation detector and the corresponding 1V characteristic changes under 23°Pu-Be isotope
neutron source radiation [15]. Furthermore, the guard ring was used to improve the performance of the
thick detector. This kind of PIN diode with a bias guard ring can form a vertical current flowing outside the
sensitive region in the case of forward bias, so as to avoid the change of forward IV characteristics caused
by the reduction of excessive carrier lifetime. The silicon PIN radiation detector with a thickness of 1.5 mm
and a width of 1 mm and containing the guard ring structure was prepared as a fast neutron detector [16].
The test results show that diodes with a forward-biased guard ring achieve 7% higher sensitivity under 1
mA constant current source. The percentage rises to 15% when 5 mA or 10 mA constant current source is
applied, as shown in Figure 1e,f. In addition, a ring-type silicon PIN radiation detector structure (1.5 mm
thick) was proposed with radiation detection sensitivity adjusted by the P* and N* distance [17], as shown

in Figure 1g,h.
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Figure 1. (a,b) Picture of thin PIN detector [13,14]; (c) structural diagram of 1.5 mm-thick silicon PIN
radiation detector [15]; (d) IV characteristic change of 1.5 mm-thick silicon PIN radiation detector [15]; (e)
structural diagram of 1.5 mme-thick silicon PIN detector based on guard ring [16]; (f) photos after the detector
is packaged [16] (g,h) bilateral PIN diode structure [17].

AE-E telescope Structure

Currently, the silicon PIN semiconductor radiation detector is mainly used for the AE-E telescope to
identify charged particles (electrons, protons, a particles, heavy ions), nuclear reactions and primitive
cosmic ray particles.

Most AE-E telescopes are constructed using a thin silicon PIN detector and a thick silicon PIN detector
through PCB packaging [4]. The individual detectors are typically packaged with PCB boards. However,
this packaging method typically requires bulky fixed devices (Figure 2). Additionally, two individual
detectors result in more dead layers. Therefore, an attractive construction method is to integrate the thin
PIN radiation detector and the thick PIN radiation detector to form an integral unit to solve the problem of
mechanical reliability. This integrated structure is also conducive to reducing the thickness of the dead layer
and improving the detection sensitivity.
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Figure 2. Fixtures required for the construction of AE-E telescope with separated silicon PIN radiation
detector [4].

To manufacture this integrated detector structure, one method is to use a high-energy particle injection
to form a conductive buried layer as the common electrode of the thick PIN detector and thin PIN detector
[8,9,10], then conduct low-energy particle injection doping to form another electrode of the thick and thin
PIN detectors, wherein the conductive buried layer uses another injection doping extraction electrode. The
second method is to make thick PIN detectors by diffusion doping, then make thin PIN detectors by epitaxy,
[18,19] (the process flow is shown in Figure 3a [18]). Another method is to use cobalt silicide as a
conductive buried layer to form a AE-E nuclear radiation detector. The process flow is shown in Figure 3b
[11]. However, these methods have many problems, such as the complex process, great difficulty and
inability to ensure the process success rate. A novel integration method is to use bonding technology to
realize the integration of thick and thin PIN detectors. This method can effectively reduce the package
volume and weight, but there are certain requirements for achieving the bonding conditions. For example,
high temperature and high pressure are likely to cause the failure of silicon PIN radiation detectors, and a
longer bonding time is not conducive to the improvement of production efficiency.
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Figure 3. Process flow diagram of integrated silicon PIN radiation detector based on (a) epitaxial growth
[18] and (b) cobalt silicide as the conductive buried layer [11].

3. From Metal Bonding to Metal Aluminum Bonding

Metal bonding technology is a common material connection method nowadays. This technology refers
to the face-to-face bonding of two wafers through a pure metal or alloy, which relies on metal bonding,
diffusion between a metal and the wafer surface, metal melting and so on [20]. Metal bonding includes
eutectic and diffusion methods, metal eutectic bonding uses alloy materials to be formed by two or more
metals in a certain proportion to realize the transformation from the solid phase to the liquid phase at a low
temperature. The eutectic metal alloys melt during the bonding process and automatically realize the
flatness of the interface; therefore, the requirements for the morphology of the wafer bonding surface are
not strict [21]. The commonly used diffusion-bonded metal materials are Au, Cu, and Al, which have
excellent ductility and high diffusivity. Diffusion bonding is typically completed at 350-500 °C, and due to
the process, temperature is relatively high; relatively high pressure is required to achieve close contact
between the bonded metal surfaces. Bonded metals provide mechanical adhesion and electrical
interconnection. Metal bonding technology is characterized by a simple process, the bonding area is far
away from the active area of the device and improves the thermoelectric performance of the device.
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The main process steps of metal bonding technology are similar to those of the adhesive bonding
method. First, the surface of the bonding material must be cleaned and mirror-polished to make the surface
flat, clean and free of impurities. Then, the metal film is vapor-deposited onto the material by electroplating,
electron beam evaporation and so on. After corrosion and recleaning, the two wafers are overlaid face to
face, and certain pressure is applied through the bonding device to realize the bonding between the wafers.
For different wafer materials, the bonding process can be carried out under room temperature or high
temperature annealing conditions. Finally, chemical solutions are used to etch the metal-bonded wafers
and remove the substrate for the subsequent processing of the devices. Due to the excellent conductivity
of the metal bonding layer, metal bonding is often used for 3D integrated interconnection. Compared with
the main process steps of metal bonding, the process of metal bonding increases the treatment of the Si
through-hole.

For different metals, particularly aluminum-based ones, bonding technology has attracted
considerable attention. Because aluminum has high electrical conductivity and thermal conductivity, as well
as good adhesion to silicon and silicon dioxide, it has been used as the standard metallization in the silicon-
integrated circuit industry. Additionally, Al is typically used as the electrode material of the Si PIN radiation
detector. The Al-P* contact minimizes the thickness of the dead layer of the detector [22]. However, a
problem that cannot be ignored is the fact that Al metal bonding generates various intermetallic compounds
after being kept at a high temperature for a long time. For example, five thermodynamic stable intermetallic
compounds (AuAlz, AuAl, AuzAl, AusAlz, and AusAl) can be generated in the hetero metallic bonding process
of Al. Among them, Au2Al exhibits brittleness and high resistance, which is one of the main factors affecting
the bonding effect [23]. In the process of Cu—-Al bonding, interface atoms can easily form intermetallic
compounds (CuAlz, CuAl, CusAls, CuszAlz, and CusAls) through diffusion [24]. The crystal structures of these
intermetallics are different to those of bonded wafer metals. Owing to the mismatch of the lattice constant
and the large difference in the thermal expansion coefficient between the metal compounds, large internal
stresses are generated during the growth of intermetallic compounds, which reduces the bonding strength
of the interface. Moreover, these intermetallics have high hardness and high resistivity, which increases the
brittleness and reduces the conductivity of the bonding system after nucleation and growth. Additionally, for
good wafer bonding, the bonding toughness and contact area per unit area should be as high as possible.
However, the actual surface has micro roughness; therefore, the actual contact area between the contact
surfaces is typically much smaller than the nominal contact area [25], which further influences the bonding
effect. Therefore, the bonding between metals generally requires extremely high processing temperature
and pressure [26,27]. Thus, in addition to improving the bond strength, this study also focuses on further
optimizing the bonding conditions after reaching a certain bond strength.

At present, Tong [28] reported a method of room-temperature metal direct bonding in air between
aligned metal posts on oxide-covered silicon wafers without externally applied pressure or force. That is, a
thin layer of gold is deposited on the metal column to achieve room temperature bonding of metal columns
other than gold. Different from this method, some researchers have added ion sputtering technology on the
basis of process optimization. For example, Kurashima et al. [29] used the hot embossing process to press
the surface grinding tool onto the metal film on the wafer at a high temperature. After the metal surface had
been flattened, the Ar beam was used to activate the metal surface to achieve bonding at room temperature.
Higurashi et al. [30] carried out bonding by contact under ambient air, and applied static pressure after
cleaning the surface of the Au film with Ar radio frequency plasma. At the bonding temperature of 100 °C,
the die-shear strength exceeded the failure criteria of MIL-STD-883. Based on the process optimization,
these provide a certain technical reference for AI-Al metal low-temperature bonding. In the series of studies
on Al-based metal bonding schemes, the American Analog Devices Company applied a pressure of 30
MPa at the bonding temperature of 445 °C to achieve Al ring bonding with a width of 4-90 um [31]. Further,
they achieved Al ring bonding with a width of 3—150 um on the wafer [32]. Dragoi et al. [33] of EV Group
Australia investigated the effects of the bonding temperature, bonding time and bonding atmosphere on the
quality of Al-Al bonding. Malik et al. [34] compared the dicing yield of Al-Al bonding and the cohesive Si
fracture results obtained under different bonding temperatures and pressures, and found that strong Al-Al
hot-pressed bonds can be obtained at 450 °C or above. Further, Malik et al. [27,35] performed Al-Al direct
bonding at the bonding temperatures of 400, 450 and 550 °C, respectively, under different bonding forces.
Their results revealed that, under experimental bonding conditions, the bonding strength increased with the
bonding temperature and bonding force. Figure 4 shows the failure surface photos of typical Al-Al-bonded
samples prepared under different bonding temperatures (400-550 °C) and bonding pressures (18—36 kN;
converted bonding pressures: 34—69 MPa). Generally, Al-Al bonding requires high temperature, high
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pressure and long bonding time. However, high temperature and high pressure may cause the failure of
the silicon PIN radiation detector, and longer bonding time is not conducive to the improvement of
production efficiency. Therefore, the influence of primary oxides, surface roughness and other materials
should be further investigated with regard to achieving successful bonding at a lower temperature.

550deg, 36kN, 1h  450deg, 36kN, 1h  400deg, 60kN, 1h

Figure 4. Effect of bonding temperature and pressure influence on Al-Al bonding quality [35].
3.1. Native Oxide

The native oxide layer, with highly stable chemical properties on the aluminum surface, cannot be
removed by conventional methods [36]. The stable oxide layer acts as a barrier and it inhibits the diffusion
of Al atoms on the bonding interface [37]. Generally, effective Al-Al wafer bonding requires a processing
temperature above 300 °C and higher contact pressure. To avoid the influence of primary oxide produced
by Al in the bonding process, a feasible solution is to adopt a dry surface pretreatment process for the
removal of primary oxides. For example, Hinterreiter et al. [38] used Ar plasma treatment to remove surface
oxides while processing the wafer under an ultra-high vacuum, and achieved the AI-Al bonding of
amorphous wafer pairs at 150 °C. Atomic force microscopy (AFM) images of the Al wafer surfaces for
standard deposition and the aluminum low pressure seed (ALPS) wafers are shown in Figure 5a,b. Schulze
et al. [37] modified the etching mask during the wafer manufacturing process to improve the quality of the
aluminum bonding pad surface and achieve improved bonding. At temperatures as low as 250 °C, they
achieved a high bonding yield of >85% and contact resistance in the mQ range. Based on the results
obtained by several groups of wafer bonding experiments, Rebhan et al. [36] found that a wafer with a blank
Al film can reduce the bonding temperature to 150 °C, while a wafer with a frame Al pattern can reduce the
bonding temperature to 100 °C.
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Figure 5. AFM images [38] of (a) the Al wafer surfaces for standard deposition, (b) the Al wafer surfaces
for the ALPS wafers.
3.2. Surface Roughness

The surface roughness of bonded wafers is a key parameter affecting the Al-Al bonding quality
[39,40,41]. After Al-Al bonding, it is expected that a higher bonding strength can be obtained when the
surface roughness is less than or equal to 1 nm. However, when using standard Al deposition technology,
the surface roughness value is much higher than this requirement (typically 5—8 nm). Typically, a stylus
profilometer is used to measure the surface flatness and yield strength of the wafer to be bonded, and an
atomic force microscope is used to measure the microroughness of the wafer surface. For materials that
exhibit work hardening, Leong et al. [42] associated the surface roughness and applied load with the actual
contact area. Thereby, a surface roughness acquisition model was established to provide a quantitative
estimate of the actual contact area achieved in thermocompression bonding as a function of the surface
topographic characteristics, so as to describe the surface roughness according to the average radius of
curvature, peak height, and density of surface roughness. From the viewpoint of reducing the surface
roughness, Schulze et al. [43] reduced the surface roughness of sputtered aluminum bonding pads below
2 nm by optimizing the aluminum deposition parameters. On this basis, a wafer level Al-Al
thermocompression bonding process at a temperature between 300-500 °C with very low contact
resistance was developed. This process has extremely low contact resistance, accurate alignment, and
high uniformity. According to the result, the temperature of 300 °C is sufficient for achieving strong Al-Al
wafer bonding.
3.3. Optimization of Intermediate Layer Materials

Considering the influence of different materials on the Al-Al bonding process, many studies have
developed alternative methods to achieve low temperature bonding from intermediate layer materials, so
as to reduce the influence of primary oxides and chip surface roughness as much as possible. For example,
the bonding performance of Al deposited on Si is different to that of Al deposited on SiO.. The Al grains
deposited on SiO2 are more mixed, and the required bonding pressure and temperature for the fracture are
lower [44]. Therefore, when a SiO:2 layer appears in Al, the bonding temperature, pressure, and time can
be reduced to a certain extent without reducing the bonding strength [27]. Zhu et al. [45] realized the
bonding of an Al-coated silicon wafer with vertical electronic interconnection using PPC and a graphite
particle interlayer under the low bonding pressure of 0.1 MPa and low temperature of 150 °C. To date,
various studies have used ionomers for auxiliary bonding. Lin et al. [46] proposed a method of direct metal
contact interconnection by using plasma-assisted low-temperature oxidation bonding to provide the
necessary mechanical bonding strength. They established an electrical connection in the bonding
annealing step and achieved the integration of MEMS and CMOS, but the annealing temperature was
higher (435 °C). Chang et al. [47] introduced a method of removing the primary aluminum oxide using argon
plasma and tin (Sn) as the bonding interlayer on the basis of the electroplating aluminum bonding ring.

However, applying a thin layer of Sn on the Al surface as an oxidation barrier layer and bonding
interlayer can promote Al-Al bonding to a certain extent. The Al-Al wafer bonding method with an
intermediate tin layer has the advantages of low bonding temperature, low bonding pressure and short
bonding time compared with Al-Al direct bonding [48]. For example, Satoh et al. [49] achieved long-term
stable Al-Al bonding at 400 °C by applying an anti-oxidation Sn layer on the aluminum surface. Zhu et al.
[48] considered the relationship between the bonding strength of Al-Al wafers containing intermediate tin
layers and the bonding temperature and time, and found that a higher bonding strength can be obtained at
an appropriate low bonding temperature and appropriate short bonding time according to the scanning
electron microscope morphology of the corresponding shear strength of the fracture surface under different
bonding conditions. When the bonding temperature was 280 °C and the bonding time was 1 min, the
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average shear strength reached 11 MPa. Additionally, the authors achieved the bonding of a silicon wafer
coated with an aluminum film and thin tin film as the intermediate layer under the following conditions:
bonding pressure of 0.25 MPa, bonding time of 3 min, bonding temperature of 280 °C, and average bonding
strength of 9.9 MPa [50]. By using a scanning microscope to observe the cross-section and port morphology
of the composite, they found that applying pressure before heating has a certain positive significance for
obtaining a uniform adhesive layer.

4. Fabrication of the Integrated Detector

In order to minimize the thickness of the dead layer, silicon PIN detectors generally use metal Al
electrodes. Due to the surface oxide layer of the metal Al electrode, Al-Al direct bonding usually requires
certain bonding conditions. However, extreme bonding conditions will have a great adverse impact on the
reliability of devices, especially on the performance of thin detectors. To overcome the above problems,
our group introduced Al-Sn—Al bonding technology into the integration of thick and thin PIN detectors [7].
The whole integration process is carried out in a low temperature and pressure environment, which has the
advantages of flexibility, reliability, good repeatability and the ability to bond PIN detectors with different
thickness and different sensitive areas.

The typical fabrication processes include: First, thick PIN detectors and thin detectors were fabricated
with Al electrodes. Then, the PIN detector is attached to the silicon wafer by a photoresist, and the
photoresist is cured by heating. After that, the detectors are placed in the PVD cavity for in situ Ar plasma
sputtering cleaning to remove native aluminum oxide. Then, put the Sn layer in the same vacuum chamber
and sputter it onto the aluminum layer in situ. After the Sn layer was deposited, the samples were placed
in lactone to dissolve the photoresist. After drying with nitrogen, a PIN detector with an Sn layer was
obtained. After that, the thin and thick silicon PIN detectors were stacked. The devices were pressed
together at a force of 7.5 N in a vacuum chamber at 9 x 10™* mbar and heated to 330 °C, followed by
immediate cooling to avoid the obvious impact of the bonding process on PIN device quality. The detectors
were successfully bonded and taken out from a wafer bonder at 200 °C. Figure 6 shows the fabrication
steps of an integrated PIN detector structure based on Al-Sn—Al bonding. After testing, there is no
significant difference in the electronic performance of thin and thick silicon PIN detectors before and after
bonding, and the AI-Sn—Al bonding integration technology has sufficient mechanical strength. The reverse
I-V characteristics of typical silicon PIN detectors are shown in Figure 7a,b. Figure 7c,d shows the reverse
I-V curve of typical bonded 300 um and 100 ym-thick PIN detector structures. The success of this bonding
method provides a certain reference value for subsequent detector integration by optimizing the interlayer
materials, reducing the surface roughness and removing the surface oxides.
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Figure 6. Fabrication steps of integrated PIN detector structure based on Al-Sn—Al bonding [7].
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Figure 7. Reverse IV curves of (a) 300 um-thick (b) 100 um-thick PIN detector (c) typical bonded 300 pm
and (d) 100 ym-thick PIN detector structure [7].

5. Conclusions

This paper analyzes the bonding challenges of a silicon PIN detector, especially the metal bonding
problem. Traditional metal wafer bonding requires an extremely high processing temperature and pressure,
mainly owing to the natural chemically stable metal oxide layer, which hinders the diffusion of metal atoms
between the two metal layers. Additionally, the surface roughness, bonding temperature and bonding
pressure of bonded wafers have certain effects on the final bonding strength. Based on existing work,
achieving good bonding strength at low bonding temperature and pressure is important for the future of 3D-
integrated processing and the performance optimization of Si PIN detectors.
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