
  

 

 

 

 

 
 

 

 

 

 

School of Chemical Technology 
Degree Programme of Materials Science and Engineering 

 

 

 

 

 

Ilkka Mutanen 
 
 
 

LOW-RESISTANCE METAL CONTACT FABRICATION 

FOR SILICON-BASED SENSOR ELEMENTS 

 
 
 

Master’s thesis for the degree of Master of Science in Technology 

submitted for inspection, Espoo, 12 November, 2013 

 
 
 
 

 
 

Supervisor  Professor Sami Franssila 
 
 

Instructor  D. Sc. Heikki Holmberg (Murata 

Electronics Oy) 
 

 



            Aalto University, P.O. BOX 11000, 00076 AALTO 

www.aalto.fi 

Abstract of master's thesis 

 

 

 

 

Author Ilkka Mutanen 

Title of thesis  Low-resistance metal contact fabrication for silicon-based sensor elements 

Department  Materials Science and Engineering 

Professorship Materials Science Code of professorship MT-45 

Thesis supervisor Professor Sami Franssila 

Thesis instructor D. Sc. Heikki Holmberg (Murata Electronics Oy) 

Date  12.11.2013 Number of pages 79 + 9 Language English 

Abstract 

 
The main goal of this thesis was to present a new contact metal fabrication process for Murata 
Electronics Oy's 3-axis ultra-low-noise acceleration sensor. The current metal pad structure utilized 
in production (Ti/Pt/Au) suffers from poor yield due to series resistance values exceeding the limit 
of 50 Ω. The problem arises from an increase in the contact resistance values of a sensor element 
during sintering. The objective is to find an alternative process or metal structure owing as small as 
possible series resistance values and/or variation, while keeping the possible intermetallic reactions 
in the metal stack in minimum. 
 
In the theoretical part, metal-semiconductor contacts as well as metal silicides, their properties and 
formation temperatures were studied. Low-resistance titanium silicide formation was found to be 
difficult or even impossible with Murata's equipment because of high silicidation temperature and 
titanium oxide formation, which deteriorates the contact performance. A better alternative in terms 
of electrical contact formation would be platinum, since it has a low contact resistance on substrate 
in question (p-type Si), and platinum silicide can be formed with a small thermal budget. 
 
In the experimental part, the possible effect of surface roughness on contact resistance between 
metal (Ti and Pt) and silicon was analysed, but no distinct correlation could be found. It was verified 
that up to a decade smaller resistance values could be achieved with a single layer of platinum 
compared to titanium. Inspired by the result, an optimal thickness and sintering temperature for 
the bottom platinum layer was determined, and resulting parameters were utilized in further 
studies with a platinum-based metal stack. Four different metal structures utilizing platinum as the 
first contact metal were presented and tested in practise. 
  
The most promising results were found for Pt/Ti/Pt/Au (thicknesses 100/225/125/125 nm, 
respectively) sintered at 400 °C, which was superior to Ti/Pt/Au in many ways, including smaller 
contact resistance and improved thermal stability. However, the adhesion of the structure was 
slightly inadequate, and before possible implementation to production, some effort should be made 
to improve the adhesion to a sufficient level. Possible improvements include for example higher 
sintering temperature and thinning of the first platinum layer. 
 

Keywords  MEMS sensor, accelerometer, semiconductor technology, metal-semiconductor contact, 

contact resistance, metal silicide, dicing, evaporation, sintering 
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1 Introduction 

The development of MEMS (micro electro mechanical system) technology has been a result 

of technological needs as well as the drive towards miniaturization of devices in the late 20th 

century. It utilizes to a large extent the materials and processing methods primarily developed 

for microelectronics fabrication and IC industry. The term MEMS can be associated with 

devices having the smallest feature dimensions around 1 μm and device sizes up to about 1 

mm. Regardless of the size range of the applications, the impact of MEMS technology on the 

quality of life has been substantial. A typical application area for MEMS devices is 

automotive industry, where MEMS sensors are used for multiple purposes such as improving 

passenger safety and comfort. In medical healthcare technology, applications such as sensors 

for pacemakers literally save human lives. In addition to physical sensors (accelerometers, 

pressure sensors, gyroscopes, inclinometers), typical MEMS products include for example 

biological, optical and RF devices, as well as robotics and ink nozzles. [1] 

Basic idea behind all MEMS sensors is that a certain parameter (physical, chemical or 

biological) of ambient environment affects the mechanical behaviour of the microsensor. For 

example, a physical variable such as acceleration, pressure or temperature, can cause motion 

in the active parts of the sensor. This change in the mechanical characteristics can be 

measured by optical, piezoresistive, piezoelectrical, capacitive or other means. [2] In MEMS 

sensors, commonly used structures transducing the mechanical signal into a macroscopically 

measurable quantity include cantilevers (single-clamped suspended beam), bridges (double-

clamped suspended beam), diaphragms and inertial masses suspended to a cantilever.  

Murata Electronics Oy (MFI from now on) is a part of the Japanese Murata corporation, 

which employs about 37.000 people worldwide [3]. MFI is a leading supplier of 

accelerometers, inclinometers, pressure sensors and gyroscopes for transportation, industrial 

applications, healthcare technology and consumer electronics. These silicon-based capacitive 

microsensors produced by MFI utilize 3D MEMS -technology, which is a combination of 

bulk and surface micromachining of silicon [4]. Bulk micromachining utilizes deep wet and 

dry etching techniques to selectively remove material and achieve large MEMS structures, 

whereas in more shallow surface micromachining actions are combined on thin deposited 

structural and sacrificial layers to accomplish the mechanical structures [1]. Designs of two 

different capacitive acceleration sensors are presented in figure 1. 
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Figure 1. On the left: a bulk micromachined capacitive accelerometer [5]. On the right: a surface 

micromachined capacitive accelerometer [6]. MFI's sensor is close to the design shown on the left. 

 
MFI's 3D MEMS processes utilize single crystalline silicon and glass in the fabrication of the 

microsensors. Most of the manufacturing processes are familiar from conventional 

semiconductor industry, which enables thousands of devices on one wafer and provides mass 

production capability and cost-effectiveness. The use of silicon, deposition of thin films, 

patterning by lithography and subsequent etching of silicon are processes borrowed directly 

from IC fabrication industry. Some specific MEMS processes, such as wafer bonding and 

deep reactive ion etching (DRIE) have also been introduced. The mechanical operation 

principle of MFI's microsensors is based on a silicon mass (inertial body) standing on one or 

two beams (figure 2). This is realized on the structural wafer by combining different etching 

processes, including wet chemical etching and dry DRIE. Mechanical structures are covered 

by two capping wafers, which seal the sensor hermetically by producing a high vacuum, and 

offer environmental passivation from for example dirt and humidity. Hermetical sealing is 

done by anodic bonding of structural wafer and glass layer on top of the capping wafers. [4] 

 

Figure 2.  On the left: silicon masses shown inside the sensor structure. On the right: a closer look at 

the silicon beams. [7] 

 
In sensors for pacemakers, MFI is a global market leader with a market share of 70–80 % 

worldwide. In low-g acceleration sensors for automotive industry MFI's market share is over 
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50 %. MFI's operations are mainly based on automotive business, as it accounts for 

approximately 80 % of the company's revenue. Global market value of sensor applications in 

automotive industry has a huge growth potential in the near future, thanks to safety 

regulations and developing countries recently becoming a part of the market. MEMS markets 

pose a strong growth also in areas such as medical healthcare applications and consumer 

electronics. A smaller, yet increasing share of the net sales of MFI becomes from industrial, 

medical and consumer electronics applications. [4] 

This literature survey concentrates on MFI's new 3-axis ultra-low-noise acceleration sensor 

that is used in industrial applications and is not in commercial production yet, but still covers 

a substantial share of the remaining 20 % of the revenue. Main application of the sensor is to 

measure extremely small vibrations, such as seismic activity. Whereas the sensors for 

automotive and healthcare products have extreme quality requirements due to the delicate 

nature of their applications, 3-axis ultra-low-noise accelerometer is a device which is driven 

by supreme accuracy and reliability needs for a whole another reason. In fact, the purpose of 

this work is to improve the performance of the MFI's acceleration sensor to match its 

requirements. Some general information of the sensor in question is presented in the 

following section, and the problems driving this survey are detailed in section 3.3.2. 
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2 MFI's 3-axis ultra-low-noise acceleration sensor 

The development of present kind of MFI's 3-axis ultra-low-noise accelerometer began in 

2007, and nowadays the development of the customized sensor is on the final stretch. Instead 

of published information, this section relies on company internal and informal knowledge. 

Only a shallow overview of the operation principle of the sensor is presented, because most of 

the technological details are under professional secrecy. However, there are certain 

requirements for the product that are of great importance to this work, and it is important to 

know where they are derived from. 

2.1 Background 

MFI's 3-axis ultra-low-noise accelerometer has a vast amount of possible applications. For 

example infrastructure health monitoring, earthquake observation and motion detecting 

(surveillance etc.) have been suggested [7]. The measured signals are so weak that the 

acceleration vibrations are almost negligible, and therefore the sensitivity of the sensor needs 

to be decades higher than that of a standard accelerometer utilized in for example automotive 

industry. Accelerations on the scale of μg can be measured with MFI's 3-axis ultra-low-noise 

accelerometer, g = 9.81 m/s
2
 being the acceleration of the Earth's gravitational field [8]. 

For reliable sensing of the weak acceleration vibrations, extreme accuracy is even more 

important than in MFI's conventional sensors, and there is a demand for more and more 

sensitive accelerometers. MFI's 3-axis ultra-low-noise acceleration sensor is thus a high value 

product, which means that the benefit gained from a better sensor is so high that the customer 

is actually ready to pay over the odds for a high quality product. Therefore the pursuit of a 

high performance product can even be carried out at the expense of fabrication process 

simplicity and cost. This condition differs greatly from the case of sensors used in automotive 

industry or consumer electronics, where the price competition has squeezed the price to a 

certain minimum and cost-effectiveness is the key factor of the fabrication. Also due to active 

MEMS projects of the competitors, constant development of the product is of high 

importance and also one of the driving forces of this work. 

2.2 Operation principle 

The design of the 3-axis ultra-low-noise accelerometer is based on another MFI's product, the 

Small sensor. However, the acceleration measurement principle is exceptional compared to 

standard accelerometers and all other MFI's products. Small is a conventional capacitive 

silicon sensor in a sense that a silicon mass suspended to a beam moves with respect to the 

frame due to the acceleration of the environment, and the deflection from the equilibrium is 
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measured capacitively. Capacitance between two surfaces varies as a function of distance 

according to the well-known equation 

       
 

 
,         (1) 

where C is the capacitance, ε0 is the vacuum permittivity, εr is the relative permittivity, A is 

the overlapping surface of two electrodes and d is their distance [8]. Depending on the 

direction of the acceleration, silicon mass and either the metal electrode deposited on the 

upper or lower capping wafer form the two electrodes of the capacitor. Changes in the 

capacitance observed by measurement electronics are converted to voltage, and the 

acceleration can be derived since the operation is carefully calibrated. Because capacitance is 

inversely proportional to the distance of the electrodes, sensitivity of the capacitive method 

relies on a very small gap structure and thus small distance d [2]. 

The operation principle of MFI's 3-axis ultra-low-noise accelerometer is reverse compared to 

standard capacitive sensors, i.e. the movement of the silicon mass is prevented by an 

electrical force, and the current required to keep the mass at the equilibrium is measured. This 

is put into practice with an ASIC signal processing circuit, which feeds voltage pulses to the 

top and bottom side of the element, depending on which side the mass is striving during the 

acceleration. The position of the mass in the gap is measured capacitively as in the standard 

capacitive accelerometer design, and one can finally derive the acceleration and its direction 

from the electrical force. This unusual operation principle makes the MFI's 3-axis ultra-low-

noise acceleration sensor more stable and accurate than a standard capacitive accelerometer. 

Thanks to the design, it is able to measure even the smallest vibrations very sensitively.  

Noise, which is a fundamental limit to the performance of the sensor, can arise from several 

sources, including temperature-related vibrations of the sensor atoms and noise produced by 

the discrete nature of electrons [1]. The greatest source of random signals arises from the 

thermal vibrations and collisions of the gas molecules trapped in the sensor structure. This 

thermal noise can be reduced by introducing a high vacuum inside the element. An important 

parameter characterizing the sensitivity of the sensor is so called Q factor or the quality 

factor, which is derived from the goodness of the vacuum and mechanical properties of the 

sensor [9]. High Q factor means small electrical as well as mechanical losses in the device 

and thus more sensitive measurement of acceleration. Since noise of the device is detrimental 

to the Q factor of the sensor, the vacuum needs to be as high as possible [9]. Also electrical 

losses in the device, which can be noticed as an increasing series resistance, cause noise. In 

order for the element to meet the performance requirement, an upper limit of 50 Ω for the 

series resistance is determined by the Q factor. The biggest problematic of the series 

resistance lies in the contact resistance that increases substantially during the contact 
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sintering. Therefore issues related to the contact resistance as well as requirements for a low-

resistance contact are in the centre of attention in this survey. 

The final product of MFI's 3-axis ultra-low-noise acceleration sensor is called a component, 

which consists of three elements assembled in x-, y- and z-direction and an ASIC mounted on 

the same ceramic package and combined by soldering a gold wire. Hence, even if the element 

is uniaxial, i.e. the acceleration can be measured in only one main direction, the component 

measures acceleration triaxially. The MEMS parts, ASIC and gold wires are hermetically 

closed in the ceramic package in order to cover them from environmental effects. 
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3 Fabrication process of MFI's 3-axis ultra-low-noise 

acceleration sensor 

In this section, the process flow of MFI's 3-axis ultra-low-noise acceleration sensor is 

presented. The process steps related to the metal contact fabrication are presented in more 

detail, while the rest of the process is discussed only superficially. A general overview of the 

most important process techniques is given in order to examine the pad metallization process 

more thoroughly. Also the problems arising from the current contact fabrication process, 

which are in the core of this literature survey, are clarified. Finally, criteria for a good metal 

contact are specified. 

3.1 Current fabrication process 

MFI's 3-axis ultra-low-noise accelerometer sensor element comprises a thin (381 μm) 

structural wafer and two thick (800 μm) capping wafers fabricated separately and bonded 

together with glass layers. Finally the combined wafer stack is singulated as altogether ~ 1600 

chips or elements, as often referred in MFI, by dicing with a diamond blade. An outline of 

MFI's 3-axis ultra-low-noise accelerometer's fabrication process is presented in figure 3. 

 

Figure 3. Process flow of MFI's 3-axis ultra-low-noise accelerometer [7].  

 
Specifications for the silicon wafers used in the process are very accurate. The material needs 

to have a small concentration gradient of dopants since one is fabricating a bulk MEMS 

product involving deep etching processes, and the etching rate of anisotropic KOH etching 

depends on the doping level. The material used in the process is moderately highly boron 
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doped p
+
-silicon, with a resistivity of 20–25 mΩ-cm for thin wafers and 15–25 mΩ-cm for 

thick wafers. These resistivity values correspond to boron doping concentrations of 2.2–

4.8*10
18

 cm
-3

 [10]. Crystal plane of the wafers is specified to (100), because the etching rate 

of different planes in KOH etching depends on the crystal plane in question. Etch rate of 

silicon in KOH is around 100 times higher for (100) plane than (111) plane, and therefore 

extremely accurate directional trenches with a slope of 54,7° will be achieved, since that is 

the angle between the crystalline planes [11]. 

By combining different patterning of deposited oxides and nitrides, as well as etching steps of 

silicon, the thin gap, mass and beam are formed on the structural wafer. In the resulting 

structure (figure 4), the mass is hanging on a thin beam, being released from the rest of the 

wafer. The top and bottom of the silicon mass are on a slightly different level than the original 

surfaces of the wafer, so that in the wafer stack, a thin gap is left between the silicon mass and 

capping wafers. 

 

Figure 4. Outline of the structural wafer after processing [7]. 

 
For thick capping wafer, silicon wet etching in KOH is performed in order to create small 

silicon feed through bumps on the surface. These bumps act as an electrical contact between 

the electrode and silicon structure, since an insulating glass layer is melted on top of the wafer 

after bump formation. Subsequently, grinding and chemical-mechanical polishing (CMP) of 

glass and feed throughs are carried out to flatten out the glass surface. An electrode of TiW 

and AlCu is sputtered on top of the glass. On top of the electrode, a PECVD (plasma-

enhanced chemical vapour deposition) oxide is deposited and patterned as small oxide bumps 

that limit the motion of silicon mass and cover the electrode from mechanical shocks.  

When finished, two thick wafers and one thin wafer are anodically bonded as one so called 

combined wafer, and the bonding interface is acoustically inspected by SAM (scanning 

acoustic microscope). Since then, the processing turns from wafer scale to element scale, and 

this is also the starting point of our interest in the process flow. The next step is to dice the 

combined wafer as chips, each containing one MEMS device. The stacked wafer is mounted 

on an adhesive tape surrounded by a frame, and the dicing is realized with a blade containing 

diamond particles embedded in a matrix. In this method, the dicing needs to be so accurate 

that the wafer is diced completely, while the adhesive tape stays in one piece. A more detailed 

view of MFI's dicing process is presented in section 3.2.1. 



 

9 

 

Having diced the wafer, the chips are automatically picked from the adhesive film into an 

evaporation jig so that the dicing surface facing towards the wafer flat is pointing upwards. 

This is the surface on which the outer metal contacts or pads, as referred in MFI, will be 

evaporated. The contacts are simply to enable electrical connection between inner structures 

of the MEMS device and ASIC. Metal contacts are fabricated in an evaporation chamber with 

a shadow mask, which is a mechanical grid attached by screws to the evaporation jig. When 

the shadow mask is removed after evaporation there will be metal deposited only on the 

openings of the grid, one acting as a metal pad. Shadow masking is actually a lift-off method, 

only utilizing a mechanical stencil instead of a resist mask [11]. Altogether 6 metal contacts 

are evaporated on the element, two at each of the three stacked wafers (figure 5). A Ti/Pt/Au 

(225/225/125 nm, respectively) contact is employed in MFI’s 3-axis ultra-low-noise sensor, 

the syntax meaning that titanium is deposited on top of silicon, platinum is the interlayer and 

gold is the topmost metal. The evaporation process of MFI will be detailed in section 3.2.2, 

and issues related to the current metal structure will be discussed in section 3.3. 

 

Figure 5. MFI's 3-axis ultra-low-noise acceleration sensor element with 6 evaporated contact pads. 

Dimensions: h = 1.95 mm, l = 2.55 mm, w = 2.95 mm. [7] 

 
The last procedure on the element scale is a sintering step after evaporation, and this is the 

process step where our special attention ends. In MFI's process, 6 minutes at 450 °C is 

applied, and a separate sintering jig is employed. Sintering step has been introduced to the 

process flow just recently, in order to improve the long term stability of the element. This has 

been working moderately, but while the stability has been improved, some other difficulties 

have occurred. Background for the introduction of the sintering step will be studied in section 

3.2.3, and the problems arising from the current process are examined in section 3.3.2.  

Having completed the fabrication of the sensor elements, they undergo an AVI (automated 

visual inspection), where the pad surfaces of the elements are inspected with a computer 

vision to find faulty elements. The criteria for rejection include scratches or defects on the pad 

l 

w 

h 
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surface, as well as spread, mixed or peeled metals. The specifications for AVI control arise 

from the component design, i.e. where the wire bonding can be made. The wire bonding area 

is quite near the edge of the pad, meaning that even small failures for example in the mask 

alignment of the evaporation may cause element rejections. 

After visual inspection, the elements are probed to measure some electrical quantities that 

provide information of the performance on the device. In the electrical measurement, mass is 

actuated to both sides in a high frequency, and the capacitance between middle and capping 

wafer as a function of voltage is measured with two probe needles. Both negative and positive 

voltage is fed to get both extreme positions, and as a result one gets the C-V diagram (figure 

6). The series resistance between middle wafer and capping wafer, which is the variable of 

interest to us, is derived from the angle of phase between the current and voltage. Series 

resistance extends all the internal losses in bulk silicon and metal pads, losses in silicon 

beams and all the contact resistances. Since the electrical losses of the device are closely 

connected to its noise, specification of the series resistance in probing arises from the desired 

Q factor. Finally, the completed and test approved elements are ready for packaging as a 

component. All the final products are also tested in component scale. 

13
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Figure 6. A typical C-V diagram for MFI's ultra-low-noise acceleration sensor element. 

 
3.2 Overview of important process techniques 

In MFI’s process, it is assumed that the electrical contact formation at the metal-

semiconductor interface is derived from three main points related to the process, namely: 

i. The surface quality before evaporation, derives directly from dicing. 

ii. The phenomena at the metal-silicon interface during evaporation. 

iii. The phenomena at the metal-silicon interface during sintering. 
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Hence, there are three process steps (dicing, evaporation and sintering) that require our 

attention and will be studied more thoroughly. In the following sections, a general 

introduction to these techniques and an overview of the processes employed in MFI are given. 

3.2.1 Dicing 

In order to cut a wafer or a wafer stack into rectangular pieces, a dicing step is performed 

after processing in wafer scale. In silicon dicing, a diamond blade rotating up to 60.000 rpm 

has been the most dominant method of separating single dies [9]. The wafer is mounted on an 

adhesive tape to keep the dies securely fastened having completed the dicing. In MFI's dicing 

approach, hard diamond particles are used in the medium of the blade in order to grind the 

surface very fine, and the dicing rate is relatively low to cut through the thick layer. Quality 

of the dicing surface is derived directly from only three factors: roughness of the blade, dicing 

rate and rotational speed of the blade. In MFI's dicing process the blade alters due to wearing 

and the surface quality changes a lot. Regardless of the applied dicing process, there is always 

a substantial amount of silicon debris and glass left on the dicing surface. Most of the 

particles are washed away with a water shower during and after the dicing process, but still 

some traces remain on the dicing surface. 

In standard MEMS design, the outer connects are fabricated horizontally, i.e. in the wafer 

plane, meaning that after dicing there are no process steps prior to packaging the chip [12]. 

Also the dicing surface is left untouched, so the dicing surface quality is not critical and 

instead the key factors of dicing involve feed rates and material losses [11]. However, in 

MFI's approach the outer contacts are fabricated vertically on the dicing plane, which makes 

dicing a process step that requires special attention. Dicing the combined wafer into chips is 

the most important process step in influencing the quality of the contact surface, since it 

practically leaves the surface either smoother or rougher. Also the particles left on the surface 

after dicing remain there until evaporation. Material such as Ni and Cu particles comes loose 

from the blade matrix, and glass is spread on the dicing surface. These are, however, process 

problems and we are mainly interested in the physical phenomena on the surface. For the 

traces to affect the electrical contact, a continuous film would be needed between silicon and 

the metal pad. Whether there is glass as a continuous film on the dicing surface could be 

worth studying, but modifying the dicing process is not the purpose of this work. 

It is suggested that a higher surface roughness could facilitate the electrical contact formation 

when employing a deposition method such as evaporation, where atoms can find favourable 

locations regardless of the surface topography. This is due to the fact that current only flows 

through the true contact areas, and a more extensive contact area is obviously generated for 

rough surfaces than smooth surfaces. The dependence of contact resistance on the surface 
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characteristics also has to do with a phenomenon called Fermi level pinning [13], as will be 

discussed in section 4.1.1. One does not usually want to produce any extra damage in a 

semiconductor device and the imperfections are often made by dopant atom implantation. In 

our case mechanical surface damage could be beneficial, and one could intentionally use a 

rougher blade – or at least pay attention not to make the dicing quality any smoother. 

3.2.2 Evaporation 

Evaporation is a PVD (physical vapour deposition) method, in which a metal source lying in a 

crucible is heated, and vaporized metal atoms are transferred to the substrate (figure 7). Film 

deposition by evaporation is a physical process, which is based on condensation of vaporized 

atoms on a cold surface. Heating of the source metal can be carried out in a number of ways, 

including resistive heating, inductive heating, laser heating and heating with an electron beam 

gun. [14] Low melting point metals can be heated easily by any means, but high melting point 

refractory metals require electron beam gun as the vaporizing method [15]. In MFI's 

evaporation equipment, heating of the source metal is performed with an electron beam, 

which is produced in a metallic filament and guided with a magnetic field to be focused in a 

single spot at the metal source. Part of the energy of the electrons is transferred as thermal 

energy in the source material, causing it to vaporize. 

 

Figure 7. Electron beam evaporation [11]. 

 
In the evaporation chamber, metal atoms need to fly without any collisions; otherwise most of 

the atoms would end up on the chamber walls. Thus, a very high vacuum must be produced in 

the evaporation chamber and in MFI's equipment (figure 8) the initial base pressure is under 

9.9*10
-7

 mbar. Because the metal atoms do not exhibit any collisions during their flight, they 

hit the substrate in a line-of-sight fashion. [1] Therefore evaporation is a convenient 

deposition method for planar substrate surfaces where step coverage is not an issue. For 

structures patterned with cavities evaporation is not a suitable technique because the sidewalls 

remain poorly covered, but bad step coverage can even be advantageous in the case of lift-off 
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and shadow masking methods [11]. In shadow masking, a mechanical stencil is applied on top 

of the substrate during deposition, and a line-of-sight deposition technique is favoured to 

avoid the accumulation of metal atoms under the mask. However, the growth of metal film 

under the mask at its edges cannot be entirely avoided, as in conventional lift-off methods 

utilizing a photoresist layer that exhibits the growth of films at undesirable sites. 

 

Figure 8. Interior chamber and console of the evaporation equipment used in MFI [16].  

 
In the evaporation jig structure, the horizontal movement of the elements is restricted by 

placing them on a metal web in rectangular pockets. In the vertical direction the elements are 

supported by the evaporation jig on the bottom and the shadow mask disc on the top, and the 

final design can be seen in figure 9. Evaporation jigs are placed on a rotating holder, which 

has geometry of a spherical cap and is located on the top of the vacuum chamber. When the 

metal source at the bottom of the vacuum chamber is vaporized, the metal atoms are ejected 

in all angles of the hemisphere. Thanks to the spherical geometry, the radius of curvature is 

the same for the whole spherical cap, and the atoms arrive to the substrate more or less 

perpendicularly. Vaporized metal atoms arrive perpendicularly at the centre of the jig, while 

elsewhere they arrive with an angle differing slightly from 90°. 

 

Figure 9. Metal web attached to the evaporation jig, shadow mask is shown topmost. 

 
The deposited metal thickness uniformity within the chamber is quite far from even, because 

atoms are not being evaporated equally in every direction, but more atoms end up at the 
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centre of the sphere. The edges of the crucible block a certain share of the atoms that would 

otherwise end up on the lower parts of the spherical cap. According to the cosine law, this 

share is proportional to the area of the metal source that is visible to the destination. The 

whole metal source can be seen when looking down from the pole of the cap, and the share 

decreases towards the lower edge. The metal thickness uniformity is equalized by rotating the 

substrate holder during deposition and placing along the cap a shading plate, the geometry of 

which is designed so that it blocks the atoms a certain proportion of the round. This simple 

mechanical trick works moderately well, but due to many uncontrollable factors in the 

process, the thickness uniformity is limited to ca. 2–5 % for the metals utilized in MFI. 

Before the deposition, an argon ion beam is used to bombard the surface to be deposited in a 

so called premill step. The mechanism of the ion mill is analogous to sputtering, in which 

metal atoms are ejected from a target and they continue to travel to the substrate. The 

technology is also used in so called ion beam etching, since energetic ions will isotropically 

etch all materials [11]. Premill is applied in order to remove impurities and native oxide films 

from the substrate before actual deposition, and hence to improve adhesion [17]. After rinsing 

step of dicing, there is an unavoidable oxide layer on top of silicon, and a premill step needs 

to be conducted. The premill program used in MFI's process is 5 minutes long, and the 

amount of material ejected is presumably on the order of some atom layers to nanometers. 

So called IBAD (ion beam assisted deposition) process is applied during Ti layer deposition. 

Generally, IBAD is a film deposition technique combining evaporation and an ion beam from 

a separate source (figure 10) to improve adhesion and quality of the deposited film by a 

phenomenon called atomic peening. Bombarding the surface with energetic argon ions 

removes loosely bound atoms and causes more extensive atom mixing, improving adhesion 

significantly [17]. Atomic peening packs the atoms in a denser manner and improves the film 

quality, because ions give the atoms energy to find more favourable locations. This is 

especially beneficial in a low energy deposition method such as evaporation.  

 

Figure 10. IBAD during evaporation. 
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The deposition rate is monitored along the evaporation with a quartz crystal located at the 

centre of the vacuum chamber top sphere. The crystal is electrically vibrated with a high 

frequency, and when material is accumulated on the crystal it becomes mechanically stiffer 

and its vibration frequency decreases. The deposited thickness is calculated from the 

difference between the initial and prevailing frequency. The deposition rate can be derived 

from this information, and the power of the electron beam gun is controlled to keep the 

deposition rate close to the desired value. However, the accumulation is different on the 

substrate and the quartz crystal, and a conversion factor needs to be applied to get an 

approximation for the thickness deposited on the substrate. For this purpose, a calibration is 

conducted on a regular basis for each deposited metal (an example in figure 11). This has 

been done by depositing islands of metal, measuring the actual deposited thickness with a 

Dektak profilometer and comparing it to the value calculated by the crystal. When IBAD is 

used, the crystal experiences the deposition as if no IBAD was utilized, because ion beam 

only attacks the deposited samples but not the crystal. In the calibration of Ti deposition, the 

effect is taken into account with an IBAD-related conversion factor. 

 

Figure 11. Calibration results for Au deposition, target thickness 125 nm. 5 measurements were taken 

within each wafer: one at the wafer centre and four near the wafer edges at 90° from each other. 

 
From figure 11 it is evident that there is some non-uniformity in the deposited thickness 

within the wafer (variation between points 1–5). In addition to the non-uniformity within the 

deposition caused by the geometry effects, there is also monthly and daily variation, and even 

variation between subsequent runs. Factors that affect the thickness of the deposited film 

include for example the amount and shape of the metal source, and the focusing of the 

electron beam. However, the conversion factor is not adjusted according to these fluctuations, 
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resulting in films that might have an actual thickness differing from the target value. The 

deposited thickness varies quite substantially, so the quartz crystal is required in controlling 

the process.  

Characterization of the metal thickness variation in the evaporation chamber has been made 

in MFI for a Ti film deposited on a wafer without premill or IBAD. Islands of Ti film were 

achieved by using a shadow mask wafer, and the Ti layer step heights were measured with a 

Dektak profilometer. The target thickness was 100 nm, but as no IBAD was used and the 

calibration is done for operation with IBAD, the resulting thickness was substantially lower, 

around 80 nm (figure 12). Without IBAD, evidently a notably smaller share of evaporated 

atoms ends up on the film, showing the effect of IBAD in improving adhesion and deposition 

rate. The thickness difference between the top and the bottom of the wafer was about 10 %, 

and a smaller thickness was found in the upper side, due to the shading plate. Some of the 

inaccuracy arises from the Dektak measurement also: the repeatability of Dektak itself brings 

±1 % uncertainty to each measurement, while the differences caused by the calibration of 

Dektak stand for another ±1 %. Also the operator-related aspects of the measurement, such as 

leveling of the profile and selection of the cursor locations, bring more inaccuracy. 

 

Figure 12. Thickness variation of Ti layer within the wafer in y-direction. Position ~ 50000 μm near 

the flat, which pointed up in the evaporation chamber, measurements done perpendicular to the flat. [7] 

 
On the other axis of the wafer a smaller thickness variation across the wafer (~ 5 %) was 

measured (figure 13) because of the symmetry in the evaporation chamber. The somewhat 

curved diagram is an effect caused by the geometry, since the edges of the wafer see a slightly 

smaller share of the metal source throughout the deposition. Also the angle of the incoming 

atoms is somewhat different at the edges of the wafer, which has a minor effect on the 

accumulated thickness. 
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Figure 13. Thickness variation of Ti layer within the wafer in x-direction [7]. 

 
The seasonal thickness variation in evaporation can be evaluated from the calibration 

measurements of each metal. For each wafer, deposited average thickness and thickness 

variation is calculated from five Dektak measurements as: 
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Now the batch-to-batch mean values are denoted as 
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where n is the number of measurements made in 2010–2012, n ≈ 25 for each metal. Thickness 

uniformity within a wafer can be calculated as 

    
                       

                       
,       (6) 

when five measurements are done, one at the centre of the wafer and four at the edge of the 

wafer at 90° from each other [11]. Now the average uniformity is derived as: 

       
 

 
∑   

 
           (7) 

Finally the batch-to-batch uniformity can be calculated as: 

         
         ̅             ̅ 

         ̅             ̅ 
      (8) 

Average thickness uniformities within the wafer and batch-to-batch uniformities for each 

calibrated metal have been calculated in table 1. This is the worst case, since the 

measurements are always performed just before the calibration of the equipment, and no 
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measurements are conducted after the adjustment. For Ti films, the non-uniformity is high for 

both within the wafer and batch-to-batch measurements, whereas for other metals the non-

uniformity is reasonably low. The thickness non-uniformity within the wafer is higher when 

Ti films are deposited without IBAD, whereas batch-to-batch thickness non-uniformity is 

more than a decade smaller. This is, however, at least partly caused by the small sampling. 

Table 1. Parameters calculated from the calibration data in 2010–2012 for different metals. For Al, Au, 

Pt and Ti n ≈ 25, for Ti without IBAD n = 3. 

 

Metal Target [nm]   ̅ave [nm] Δxave [nm] Uave [%] Ubatch [%] 

Al 400 401.7 23.6 3.0 5.0 

Au 125 125.3 8.7 3.5 6.6 

Pt 225 225.8 9.9 2.2 4.7 

Ti 125 124.9 11.7 4.7 15.7 

Ti (no IBAD) 125 96.5 12.9 6.7 1.2 

 

From the results one can draw a conclusion that the non-uniformity caused by geometry 

effects of the chamber (Uave) is acceptable, but the fluctuation caused by other process 

imperfections (Ubatch) is more severe. Although the deposited thickness is calculated in real 

time during deposition, it varies quite much between different depositions. This is because 

calibrations are performed only once in about two months, and the process conditions may 

change substantially during this period while conversion factor remains the same. 

3.2.3 Sintering 

Good electrical contact between the substrate and conductive metal layer deposited by any of 

the conventional methods (evaporation, sputtering etc.), is a prerequisite for reliable 

interconnections and outer connections and thus the operation of all semiconductor devices. 

While the deposited metals bond to the substrate more or less firmly depending on the metal 

and deposition method in question, the connection is not typically strong enough 

mechanically or electrically to yield a reliable or even functional device. The contact between 

the semiconductor material and metal can be further improved by alloying or sintering. In 

alloying a heat treatment is conducted in order to melt and mix the atoms in the vicinity of the 

metal-semiconductor interface to form a mechanically more durable junction. In sintering, 

which is performed typically above 400 °C, no metallurgical reactions take place at the 

interface but the interfacial oxide breaks down to improve electrical contact and adhesion. 

Also the risk of metal melting and mixing in the other structures decreases while the 

temperature is lowered from alloying. [18] 

In ref. [19], sintering has been described as heat treatment "under relatively high-temperature 

conditions in order to drive the required metal-semiconductor interfacial reaction, which 
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accounts for the decomposition of interfacial oxides and contaminations and for the formation 

of some narrow-bandgap interfacial compounds". So, based on another definition, 

metallurgical reactions may also occur during sintering. Usually a heat treatment without any 

compound formation is sufficient to improve the contact at the interface, but in our 

application, in which the criteria for the electrical contact are extremely high, formation of 

some new low contact resistance compound at the interface might be necessary. In this study, 

the term sintering is used (mainly because of MFI's habit) for heat treatments where such a 

metallurgical reaction is pursued at the metal-semiconductor interface.  

In addition to the intermixing of different stack metals and diffusion of silicon that will be 

extensively studied in section 3.3.1, the most important issue in sintering is the possible 

oxidization of different metals, which may significantly degrade the electrical characteristics 

of the contact. To prevent further oxidation, the sintering step usually needs to be conducted 

in a good vacuum or a reducing atmosphere. The most attractive option for sintering is so 

called rapid thermal annealing (RTA), which is a moderate heat treatment with short 

durations. RTA is the preferred sintering method when the interfacial reactions and diffusion 

processes need to be restricted to occur only near the interface [19]. Short annealing times 

also enable higher temperatures without diffusion-limited reactions degrading the device 

operation. As even small traces of impurities (mainly oxygen and moisture) in the annealing 

ambient deteriorate the device performance, an easily controllable annealing environment 

makes RTA well suited for sintering. For example transition metals oxidize at temperatures 

above 200 °C even at traces of O2 and H2O, and therefore oxygen levels need to be 

maintained under a few ppm (table 2) during sintering. [20] Oxygen presence in the annealing 

ambient is especially detrimental in the sintering of titanium contacts, because Ti oxides will 

form instead of Ti silicides [21]. 

Table 2. Sensitivity of TiSi2 sheet resistance to sintering ambient [20].  

Primary gas Concentration of O2 in N2 [ppm] Silicide sheet resistance [Ω/□] 

N2 0.1 2.6 

N2 1 3.4 

N2 10 100 

Ar <0.1 1.8 

 
Without sintering, the sensor element would be appropriate in terms of resistance values in 

probing. The typical series resistance of about 30 Ω contains the resistance of two narrow 

silicon beams (25–30 Ω), contact resistances at the metal-silicon interface (couple of Ω) and 

the bulk resistance in the silicon frame (some fractions of Ω). However, typically in cold 

conditions and in long bakings at 100 °C the contact resistance increases so high that it cannot 

be afforded. The mechanism behind this behaviour is not really known, formation of some 
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insulating layer between silicon and titanium has been suggested. Without sintering the sensor 

is evidently not stable enough, and a sintering step has been introduced to ensure electrical 

stability over the usable temperature range. Sintering does not only offer stability, but it also 

affects the value of series resistance through possible formation of alloys or compounds at the 

interfaces, as well as decomposition or formation of interfacial oxides. Sintering stabilizes the 

series resistance but its deviation increases and more elements lie above the 50 Ω limit. 

For the current contact fabrication process with Ti/Pt/Au pad structure, various sintering 

temperatures and times have been tested in MFI in order to find a suitable process window. 

These tests showed that electrical stabilization as well as low series resistance can be 

achieved at sintering temperatures higher than 400 ºC and times of about 5 minutes. At 350–

400 ºC sintering was inadequate resulting in an electrically stable contact but leaving the 

resistance high. Sintering at 250–350 ºC as well as long bakes at 125–150 ºC caused high 

resistance without stabilizing the contact. It was suggested, that the resistance degradation in 

different sintering temperatures and long bakes was due to titanium oxide formation. The 

stabilization of the series resistance as well as low resistance values acquired above 400 ºC 

was attributed to the intermixing of titanium and silicon at the interface. Currently in MFI's 

process, a sintering step of 6 minutes at a target temperature of 450 ºC is employed. The 

heating is carried out by ultraviolet lamps in a UniTemp oven in air and atmospheric pressure. 

According to the knowledge of MFI, there is a trade-off between series resistance values and 

metal mixing in the contact structure. Due to occasional problems in AVI caused by metal 

mixing the effect of slightly lower sintering temperatures and shorter times has also been 

analysed. However, it was concluded that the sintering time or temperature cannot be 

decreased enough to prevent metal mixing without a remarkable growth in series resistance. 

A process that is so vulnerable to small changes in the process parameters is probably not the 

most reasonable, and therefore some modifications to the pad structure could make the 

process more robust. On the other hand, if small optimization of the process (e.g. metal 

thicknesses, parameters of the evaporation) would enlarge the thermal window of sintering 

process while maintaining a low series resistance, one would get off much more easily. 

3.3 Contact metal structure and related issues 

In this section, the current pad structure of MFI's 3-axis ultra-low-noise accelerometer and the 

background for its selection are discussed. The role of each metal in the Ti/Pt/Au stack is 

specified and the problematic metallurgical reactions between them are discussed. Issues 

related to the current fabrication process are presented and also the criteria for an alternative 

contact metal structure are evaluated. 
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3.3.1 Ti/Pt/Au contact structure 

According to the definition, metallization systems are structures consisting of a metal 

providing strong adhesion and good contact to silicon, and one or more metal to ensure high 

conductivity and bondability. In the Ti/Pt/Au structure, gold is the main contact metal thanks 

to its excellent conductivity and the best wire-bondability to gold wires. Gold is the preferred 

metal for the wire bonding wires, because it is non-corroding, non-oxidized and easy to 

implement in wire bonding equipment [22]. However, noble and conducting metals do not 

readily form stable bonds with materials like silicon and silicon dioxide, and therefore a less 

noble metal is used as an adhesive layer between them [23]. Titanium is widely used to 

improve adhesion between silicon and conductive metal films, such as gold or platinum [24]. 

Very thin (10–20 nm) films would be sufficient to act as an adhesive layer [11], and in our 

structure the relatively thick Ti film acts as a diffusion barrier also. 

To prevent the interdiffusion of Ti and Au, a third metal needs to be introduced, and platinum 

has been chosen. Ti-Au intermetallics are formed in low processing temperatures of 200–400 

°C, which makes the barrier inevitable. Moreover, after annealing at 250 °C, titanium has 

been observed on top of the Au capping layer, where it easily oxidizes to form titanium oxide, 

an insulator. [24] The catastrophic diffusion of titanium into gold as well as titanium oxide 

formation at the top surface may be prevented or at least delayed by introduction of a 

diffusion barrier. Platinum is a sensible alternative thanks to its non-reactivity to oxygen and 

low diffusivity in gold [25], while also diffusion of titanium is slower into platinum than other 

metals [26]. For a Ti/Pt structure, the diffusion of titanium into platinum was found to cease 

via consecutive formation of TiPt and Ti3Pt compounds during annealing up to 500 °C [26]. 

Ti/Pt (50/60 nm) contacts in ref. [19] showed Ti-Pt interfacial reactions already at 300 °C. 

Thickness of the Ti-Pt intermixed layer was around 5 nm, and started to grow as the sintering 

temperature was increased, but the thickness never exceeded about 20 nm. The intermetallic 

compound was interpreted to be Pt3Ti, differing from the results in ref. [26]. 

Good reliability for Ti/Pt/Au metallization structure on silicon has been reported in ref. [27]. 

However, in high-temperature operation two metallurgical failure modes have been found to 

dominate [28]. Firstly, the diffusion of silicon and/or gold through titanium and platinum 

barriers causes an Au-Si reaction at the eutectic temperature of 377 °C [29]. Secondly, the 

penetration of platinum into silicon through titanium layer can cause an electrical short. With 

Ti/Pt/Au on a thin PtSi layer on top of thick polysilicon, increasing Ti film thickness from 50 

nm to 150 nm inhibited more effectively both Au-Si eutectic reaction and platinum diffusion 

into silicon, than an increase in Pt thickness from 100 nm to 300 nm [28]. This indicates that 

also titanium plays an important role in preventing interdiffusion of silicon and different 
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metals. Whereas increasing the thickness of titanium inhibited the penetration of platinum 

into silicon at 360 °C, it seemed that increasing the platinum thickness has an opposite effect, 

which is quite plausible. However, the result that increasing the platinum thickness also 

increases Au-Si interaction at 500 °C seems highly unexpected. 

Another problem area of Ti/Pt/Au contacts is the increasing resistance when elevating the 

temperature. The thermal stability of resistance for Ti/Pt/Au metal systems in resistor patterns 

was evaluated in ref. [29]. An increase in the resistance was found at 450 °C presumably due 

to Pt-Au and/or Ti-Au reactions when Pt had an appreciable thickness compared to Au. The 

resistance increase could thus be kept minimal, when Pt layer thickness is minimized but 

simultaneously thick enough to form a barrier for Au-Si reaction. Even a Pt barrier of 45 nm 

was shown to greatly reduce the alloying of Au and Si in a heat treatment of 15 minutes at 

450 °C. This gives rise to the idea, that the consumption of expensive platinum could be 

significantly reduced from initial 225 nm in MFI's process. Results in [28] and [29] are 

perhaps not the most foreseeable, but they are in a mutual understanding that reducing the 

platinum thickness improves the stability of the contact. Optimizing the Pt thickness could 

thus be one of the improvements to MFI's process. 

In ref. [19], electrical characterization of the Ti/Pt contact structure on different compound 

semiconductor substrates (InAs, InP, GaAs, GaP) was made. Ti/Pt (50/60 nm) contacts were 

e-beam evaporated and sintered with RTA at 300–600 °C for 30 s. InAs/Ti/Pt system 

exhibited linear ohmic behaviour already as-deposited due to the narrowest bandgap of InAs 

(0.36 eV [13]) compared to other substrates. Ti/Pt contacts on InP (1.35 eV [13]) and GaP 

(2.26 eV [13]) were Schottky-like as-deposited and retained the rectifying nature regardless 

of the RTA temperature, whereas GaAs (1.42 eV [13]) system had a transition from Schottky 

to ohmic contact at 450 °C. It is assumed, that silicon owing a bandgap of 1.12 eV [13] will 

also experience the same transition as GaAs, possibly in a lower temperature. All the metal-

semiconductor systems had the lowest specific contact resistance after RTA at 450 °C. The 

decrease in contact resistance was attributed to the interfacial compound formation, but also 

the decomposition of interfacial oxides. 

3.3.2 Issues related to MFI's current process 

The sintering temperature (> 400 °C) needed for electrical stabilization of the contact causes 

problems with the metallurgical stability of the pad structure. In MFI's process, degradation of 

the contact takes place by metal mixing supposedly caused by Au-Si eutectic reaction. The 

metallurgical reaction initiates at the peripheries of the pad (figure 14) and advances towards 

the middle part. As metal mixing is detrimental for wire bonding, it causes rejections in AVI 

inspection. Similar problem was observed for a gas sensor with a micro-hotplate in ref. [30], 
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in which Ti/Pt/Au (50/50/200 nm) contact on polysilicon was found to visually degrade in 

sintering temperatures higher than 450 °C (figure 15). 

 

Figure 14. Metal mixing can be clearly seen at the peripheries of the upper pads [7].  

 

 
 

Figure 15. Visual degradation of Ti/Pt/Au contact on poly-Si [30]. 

 
Sintering treatment around the Au-Si eutectic temperature can cause a reaction either if gold 

and silicon are in direct contact or get to diffuse. Because of the accumulation under the 

shadow mask, the peripheries of the metal pad are not steep but gradual, and Ti/Pt layer might 

be too thin to prevent diffusion between gold and silicon. Also the intermixing of silicon and 

titanium would bring silicon closer to the surface, facilitating the diffusion of silicon into the 

gold layer. Gold can end up in direct contact with silicon if the mask alignment changes 

before the gold evaporation step, allowing Au-Si eutectic reaction immediately when an 

adequate temperature is reached. This is highly possible, since the masks are worn-out, and 

evaporation jigs lie in a rotating system. However, the first case is supported by the fact that 

AVI rejections caused by metal mixing decreased substantially after implementing a 225 nm 

Ti layer instead of earlier 125 nm film. While the other metal thicknesses were kept standard, 

a thicker titanium layer inhibited the Au-Si reaction at the thin peripheries. 
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It needs to be highlighted that the Ti/Pt/Au contact structure has been working reliably 

without sintering in Small sensor. Difficulties for this metallization scheme have started only 

after introducing the sintering process, which is not necessary for Small sensor due to looser 

requirements for series resistance. Since the current pad structure is not designed with MFI's 

3-axis ultra-low-noise accelerometer's specifications in mind, some new approach in the 

fabrication process might be necessary. Au-Si reaction is the single most important restriction 

when developing the contact fabrication process, since the higher the sintering temperature, 

the higher the risk of silicon diffusing into gold. Other temperature-related issues, such as 

hillocking of Al metallizations, are not problematic in short sintering treatments at relatively 

low temperatures. However, sintering temperature cannot be increased endlessly without 

harmful hillocking. 

The most important objective of this literature survey is to find an alternative process 

resulting in as low as possible series resistance with a uniform distribution. Currently, the 

distribution is close to the 50 Ω limit and considerable yield losses arise from elements 

exceeding the limit. As the volumes of the product are increasing, the importance of this work 

is substantial for the profitability of the company. Also the fundamental pursue of a high-

quality product requires improvements in series resistance values. Initially, two approaches to 

achieve the goal are introduced: 

i. Minor improvements to the process (e.g. changes in process parameters, metal 

thicknesses etc.) in order to make it sustainable in terms of yield and resistance values 

by growing the thermal window and/or reducing the series resistance. 

ii. Major improvements to the process (e.g. new contact metal structure) in order to 

remove the intrinsic impracticalities and limitations related to the process, and to 

introduce a process with more freedom of action for the parameters. 

3.3.3 Criteria for the contact metal structure 

Ti/Pt/Au metallization scheme is not the best possible option when it comes to pursuit of low 

Schottky barrier between p-type silicon substrate and the contact metal. The barrier height 

could be reduced most easily by introducing a more heavily doped silicon material. However, 

the doping level cannot be increased, because boron acts as an etch stopper in KOH etching 

when the level exceeds about 5*10
18

 cm
-3

 [11]. Therefore the contact formation needs to be 

facilitated by some other means. If an alternative metallization scheme was to be used there 

are quite many criteria it has to fulfil. At least this list of electrical and mechanical properties 

should be satisfied in order to be suitable for our process: 
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i. Wire-bondability. In practise this means, that gold needs to be the topmost layer. 

ii. High conductivity. Gold, which is the main contact metal, has an excellent 

conductivity, but also the other metals in the stack must have a low resistivity. 

iii. Low Schottky barrier to p-type Si. In order to achieve low contact resistances, the 

potential barrier between the contact metal and silicon needs to be as low as possible. 

iv. Good adhesion to silicon. An adequate adhesion of the bottom metal is required to 

prevent peeling. Poor adherence to silicon rules out the use of gold as a single metal 

system [29]. 

v. Low sintering temperature and time. As low as possible thermal budget should be 

employed while achieving a stable and a low-resistance contact, in order to minimize 

harmful interactions between different metals and silicon. 

vi. Good metal interaction barrier properties. The system should be free or minimized of 

any degrading intermetallic compound formation or silicon diffusion during high 

temperature processing. For metals in our case, the most important reactions are Au-

Si alloying and Ti-Au alloying, indicating that there always needs to be a sufficient 

barrier between gold and silicon, as well as between gold and titanium. 

In addition to these minimum requirements for an alternative metallization structure, also 

following process-related issues need to be considered: 

i. Practicality of process changes. It would be beneficial to use the present metals (Ti, 

Pt, Au) in some new sequence, instead of introducing some new materials. 

ii. Simplicity of fabrication. For example evaporation in more than one step causes 

problems in the alignment of the shadow mask. 

iii. Consumption of metals. Thickness of the metal layers should be optimized so that the 

barrier properties remain, but the consumption is minimized. 
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4 Metal-semiconductor contacts 

In order to improve the electrical performance of MFI's 3-axis ultra-low-noise accelerometer, 

some basics of the phenomena taking place at the metal-semiconductor interface need to be 

known. First, the formation of two basic variations of electrical contact between metal and 

semiconductor, Schottky and ohmic contact, are explained. Subsequently, two important and 

easily mixed terms, contact resistance and series resistance, will be discussed. After that, the 

metallurgical reactions at the metal-silicon interface are studied in the section concerning 

silicide formation. All the time it is kept in mind that the purpose of this work is to find ways 

to reduce the contact resistance of the structure. The objective is to apply the theory into 

practise in the experimental part. 

4.1 Contact formation in metal-semiconductor interface 

In order for the MEMS device to interact with the outside world, in this case ASIC, there 

must be outer metallization on the chip to enable electrical connection [11]. A good outer 

connection is a prerequisite for optimal operation of every semiconductor device, and 

therefore at least two metal-semiconductor contacts are fabricated on each chip [31]. Good 

contact does not disturb the device operation and is also mechanically, thermally and 

electrically stable. Generally, when a metal and a semiconductor are brought to contact an 

energy barrier is formed between them, the size of which determines the current conduction 

mechanism at the interface. This potential barrier to charge carriers derives from the 

requirement that Fermi levels of two different materials must match up in the contact [15]. 

Potential barrier ΦB as well as matching Fermi levels (EF) are shown in figure 16. 

 

Figure 16. Energy band diagram for metal-semiconductor contact with (a) n-type and (b) p-type 

substrate [32].  
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Due to differing Fermi levels of metals and semiconductors, they cannot have a contact 

resistance as low as two metals connected. There are basically two different variations of 

electrical junction in the metal-semiconductor interface: diode-like Schottky contact and 

ohmic contact. Between metal and lightly doped semiconductor a Schottky junction with non-

linear rectifying IV characteristics is formed, whereas between metal and heavily doped 

semiconductor an ohmic contact with linear or quasi-linear ohmic IV characteristics is 

derived (figure 17) [13]. Ohmic contact is derived when the doping level of the 

semiconductor is so high (> 10
19

 cm
-3

) that its work function approaches metal's work 

function. In this case the energy barrier is low, and charge carriers can easily exceed it by 

tunneling. When the doping level of the semiconductor is lower, charge carriers have to 

overcome the barrier by thermionic emission. [11] Some of the charge carriers are trapped in 

the Schottky junction, increasing the contact resistance and degrading the device 

performance. 

 

Figure 17. On the left: IV-curve for ohmic contact. On the right: IV-curve for Schottky contact. [11] 

 

4.1.1 Schottky contact 

The formation of Schottky contact can most easily be explained using energy diagrams of a 

metal and an n-type semiconductor brought into contact, as seen in figure 18. When a voltage 

is not applied across the junction, the Fermi level of the semiconductor is flat, indicating the 

energy states that are almost totally filled (below EF) and almost empty (above EF). The 

requirement of matching Fermi levels causes electrons to move from n-type semiconductor to 

metal, resulting in a curvature of the energy band near the junction. This induces a built-in 

potential due to electron deficiency near the surface of the semiconductor, and equilibrium, 

where electrons no longer flow to the metal because of the built-in potential barrier [33]. In 

the vicinity of the junction there is a depletion layer, where both electron and hole 

concentration is virtually zero (n ≈ p ≈ 0). The energy barrier between metal and 

semiconductor is called the Schottky barrier height ΦB, which is a function of the metal and 

the semiconductor material in question. [32] 
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Φm    = work function of metal 

χ      = electron affinity of semiconductor 

Φn    = difference between EC and EF 

EC    = conduction band 

EF    = Fermi level 

EV     = valence band 

ΦBn0 = Schottky barrier height 

δ      = gap between metal and semiconductor 

ψbi   = built-in potential 

W    = depletion layer width 

Figure 18. Matching of Fermi levels when a metal and a semiconductor are brought into contact. Metal 

and semiconductor (a) in separate systems, and (b) connected into one system. Gap δ (c) is reduced and 

(d) becomes zero. [31] 

 
ΦB is the most important parameter of a metal-semiconductor contact, since it defines the 

energy barrier the charge carriers need to overcome in order for the electrical current to flow. 

In the ideal situation, the barrier against electron flow (ΦBn) increases with the metal work 

function Φm according to 

          ,        (9) 

where χ is the semiconductor electron affinity defined as the difference 

         ,         (10) 

where E0 is the vacuum level, the energy state of electrons outside the material, and Ec is the 

conduction band. Work function is the difference: 

                   (11) 

Contrary to ΦBn, a high metal work function provides a low barrier against hole flow (ΦBp) in 

p-type semiconductor according to the equation 

              ,        (12) 
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where Eg is the bandgap of the semiconductor. [31] Therefore a low barrier cannot be 

achieved for given metal on both p- and n-type substrates. One can derive from equations (9) 

and (12) that in the ideal situation: 

                    (13) 

This equation will be useful in subsequent Schottky barrier examinations, because usually 

Schottky barrier values only for n-type substrates have been given in tables. 

In practise, it is difficult to change the barrier height by varying the metal work function, and 

for most common semiconductors (Si, Ge, GaAs and most III-V compounds) the barrier 

height is in fact weakly dependent or independent of work function. The main deviations 

from the ideal barrier height values arise from surface states and a practically unavoidable 

interface layer (δ ≠ 0 in figure 18). The surface states are energy levels of fabrication-induced 

defects produced by interface reactions and interdiffusion, and therefore the barrier height 

depends on the semiconductor surface properties. [31] Surface states are also responsible for 

the Fermi level pinning [34], due to which the barrier height is in quantitative agreement with 

equations (9) and (12) only when the Fermi level is in the middle of acceptor type and donor 

type states of the interface, in practise when Φm is around 4.6 V [32]. Otherwise, the energy 

states at the metal-semiconductor interface develop a dipole potential, which distorts the band 

structure and prevents ΦBn from moving very far from around 0.7 V regardless of work 

function [32]. Energy band diagrams for ideal and real metal-semiconductor contacts are 

presented in figure 19. Although equations (9) and (12) do not generally stand for real 

situations, condition ΦBn + ΦBp ≈ Eg holds true. 

  

Figure 19. (a) Ideal and (b) real metal-semiconductor contact [32].  

 
Schottky barrier heights for metal-semiconductor contacts are given in table A-1 in appendix 

A for high-purity metals deposited in a high vacuum and on chemically cleaned surfaces. 
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However, the actual barrier height is highly sensitive to surface preparation before deposition. 

In the presence of contamination on the interface or a virtually unavoidable interfacial layer 

such as native oxide, there might be incoherence in the barrier height measurements, because 

Φm is sensitive to surface contamination. [31] For instance, a titanium layer on a silicon 

surface contaminated with a few monolayers of oxygen had more than 0.1 V 

increase/decrease in ΦBp/ΦBn compared to clean surfaces [35]. This was explained by a 

reduced amount of interface states due to silicon bonding with oxygen and thus a decreasing 

Fermi level pinning ability, inducing a more ideal Schottky contact. No alteration from clean 

surface was detected for approximately a half monolayer of oxygen, whereas 2–3 or more 

monolayers of oxygen produced the altered barrier height.  

The barrier height of a metal-semiconductor pair is also sensitive to post-deposition 

treatments. Schottky barrier can be modified intentionally by forming a compound between 

metal and semiconductor as a result of moderately high temperature reaction. So called 

silicides, compounds formed in the reaction between metal and silicon, are an important 

group of Schottky contacts used in many technological applications. For example the barrier 

height ΦBn of Pt-Si system decreases from 0.9 V to 0.87 V thanks to platinum silicide (PtSi) 

formation at around 300 °C, and for the other stoichiometric form Pt2Si the barrier height is 

0.78 V. [31] Barrier heights for metal silicides on n-type silicon are presented in table A-2 in 

appendix A.  

4.1.2 Ohmic contact 

One of the prerequisites for a good contact is that the contact resistance is negligible 

compared to the total resistance of the device [33], and this is also the definition of an ohmic 

contact [13]. To achieve a low resistance ohmic contact, a heavily doped semiconductor 

needs to be used. Thanks to the high dopant concentration, the depletion layer is extremely 

thin, only some nanometers, and electrons are able to tunnel through the potential barrier with 

a high probability (figure 20c). In this phenomenon called quantum tunneling, electrons are 

able to travel with a certain probability through a potential wall higher than the energy of the 

electron, which would not be possible according to the classical laws of physics. The 

tunneling probability increases with decreasing barrier (depletion layer) width and barrier 

height, which is simply ΦBn for electrons on n-type substrate and ΦBp for holes on p-type 

substrate. In conclusion, a good ohmic contact requires a small barrier height and a 

semiconductor with a high doping concentration. 
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Figure 20. Different current conduction mechanisms in metal/n-type semiconductor contact. As the 

doping concentration ND increases, (a) TE, (b) TFE, (c) FE. [13] 

 
Three different conduction mechanisms of charge carriers in a metal-semiconductor contact 

can be recognized (figure 20). Thermionic emission (TE) is the dominant conduction method 

in lightly doped semiconductors, thermionic-field emission (TFE) takes place at intermediate 

doping concentrations, and field emission (FE) is the conducting mechanism at high doping 

concentrations. Since the depletion layer is wide for low doping concentrations, in TE 

electrons cannot tunnel through the potential well, but need to be thermally excited over the 

barrier. In TFE electrons are thermally excited to energy where the barrier is narrow enough 

for quantum tunneling. In FE, which is the current transport process responsible for most 

ohmic contacts, the tunneling can happen directly at the bottom or near the conduction band 

thanks to thin enough barrier. [13] For typical metal-semiconductor contacts in room 

temperature, the transition from TE to TFE occurs at doping levels around 10
17

–10
18

 cm
-3

, and 

FE starts to dominate on the range of about 10
20

 cm
-3

 (figure 21). As an example, in a contact 

between titanium silicide (TiSi2) and p-type silicon, TFE was found to start dominating at a 

doping level of 3.6*10
17

 cm
-3

 and FE becomes dominant at 3.8*10
19

 cm
-3

. [36] 

 

Figure 21. Characteristic energy E00 and kT as a function of doping density at T = 300 K. 

For TE, kT >> E00; for TFE, kT ≈  E00; and for FE, kT << E00. [13] 
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The fabrication of ohmic contacts often includes sintering of the metal-semiconductor 

contact. Sintering treatment may be performed at higher temperatures in pursuit of alloying at 

the vicinity of the metal-semiconductor interface. However, alloying is not desirable in some 

cases (e.g. aluminium spiking into silicon) [21], and in this case the sintering temperature is 

chosen below the eutectic temperature to reduce the thin interfacial oxide layer present at the 

contact interface. Sintering treatment should be done in a reducing ambient to ensure, that no 

further harmful oxidation of the metal occurs at the interface or the metal surface. [37] 

4.2 Contact resistance and series resistance 

In order to understand the performance specifications of the device, two important terms need 

to be clarified, namely contact resistance and series resistance. Series resistance Rs stands for 

basically all the electrical losses experienced by the device, and therefore it is the best 

parameter to represent its performance when as low as possible losses are vital. Series 

resistance consists of metal and semiconductor sheet resistances, semiconductor bulk 

resistance, contact resistances between metal and semiconductor, and all the losses witnessed 

by the device active parts [13]. Contact resistance Rc, which plays an important role in the 

series resistance of a semiconductor device, contains not only the resistance of the contact, 

but also the resistance in the regions immediately above and below the interface. 

Performance of contacts can be evaluated quantitatively with a parameter called specific 

contact resistance ρc (unit Ω-cm
2
). It is the most convenient figure of merit for 

characterization of real contacts, because it is independent of contact area. Specific contact 

resistance can be derived from actual contact resistance Rc, and generally for a single contact 

     
  

  
 ,         (14) 

where Ac is the contact area. [13] Generally the contact resistance is obtained from the total 

resistance of a test structure, as total resistance is the sum of the spreading resistance 

(resistance of the semiconductor under the contact), the contact resistance and other 

resistances of the circuit [33]. 

The magnitude of contact resistance depends on various parameters, including barrier height, 

doping level and temperature [36]. As can be seen in figure 22, specific contact resistance is a 

function of the barrier height in all regimes, a function of doping concentration in TFE and 

FE, and a function of temperature mostly in TE and TFE. Theoretical curves of specific 

contact resistance for various barrier heights (figure 23) show, that by lowering the barrier 

height, the value of ρc can be significantly decreased regardless of the doping concentration, 
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although the dependence is weakened at high doping levels. [31] Generally, a low barrier 

height and high doping concentration or both are required for low specific contact resistance. 

 

Figure 22. The dependence of specific contact resistance on different parameters [31].  

 

 

Figure 23. Theoretically calculated curves for specific contact resistance as a function of doping 

concentration for different barrier heights of metal-silicon contacts [36]. 

 
The easiest way to reduce the specific contact resistance is to lower the barrier height, but for 

some wide bandgap semiconductors there are no metals with low enough work function to 

yield an ohmic contact. In this case the doping level can be modified instead, and a general 

solution is to introduce a more heavily doped semiconductor surface layer using for example 

ion implantation. By implementing a thin (~ 10 nm) layer of highly doped material, the 

barrier height can be either reduced (n
+
 on n-type) to achieve an ohmic contact, or increased 

(p
+
 on n-type) to derive a rectifying contact. Another common method of ohmic contact 

formation is to add an intermediate semiconductor material with a small bandgap and high 

doping level, resulting in a structure called a heterojunction. Heterojunctions of n-type GaAs 
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on p-type AlGaAs and SiGe on Si are good examples of bandgap engineering bringing 

possibilities to semiconductor device fabrication. [31] 

4.3 Formation of silicides 

Metal silicides are compounds that combine the advantageous properties of both metal and 

silicon, for example stability over temperature and low resistivity (see table A-3 in appendix 

A) [11]. Silicides such as CoSi2, NiSi, PtSi and TiSi2 have been widely used contact materials 

in silicon integrated circuits, for example in MOS devices as self-aligned silicides. Because 

silicide is formed in the reaction of silicon and metal deposited on top of it, the silicide-silicon 

interface itself is never exposed and therefore free from any contamination or imperfections. 

Thus very reliable and reproducible contacts can be fabricated. Also the contact resistance 

between metal and silicides is generally very small: whereas the minimum reachable ρc for 

metal-silicon contacts is on the scale of 10
-7

 Ω-cm
2
, for metal-silicide contacts it can be a 

decade smaller [11]. Thus, silicides provide well-defined interfaces that can be used in low-

resistance contact designs. [31] 

Deposition methods of silicide-forming metals on silicon include for instance e-beam 

evaporation, sputtering and CVD (chemical vapour deposition). Most commonly used metals 

for silicides include Ti, Co and Ni, but also many other metals form silicides when they are 

annealed in contact with silicon [11,13]. Generally silicides have more than one phase, and 

the formation starts from the most metal-rich silicide, followed by phases richer in silicon at 

higher temperatures. In suitable conditions, the first silicide reaction continues until all the 

metal has been consumed, and then the next silicon-rich phase starts to form. [15] Often an 

annealing at relatively high temperature is needed in order to provide a transition from 

amorphous silicide to a lower resistivity crystalline silicide phase [38]. 

4.3.1 Titanium silicide formation 

The vast interest for titanium as a contact metal is based on its excellent adhesion on both Si 

and SiO2 substrates [39]. The annealing product, titanium disilicide TiSi2, also offers a low 

electrical resistivity [40]. The reaction equation for titanium silicide formation is  

                ,        (15) 

and the crystalline transition to TiSi2 occurs in two phases. In ref. [38], a good general study 

of titanium silicidation has been provided. At about 600 °C, a base-centered orthorombic 

C49-TiSi2 phase starts to form, which is a high-resistivity phase (~ 60 μΩ-cm) compared to 

face-centered orthorombic C54-TiSi2 (~ 15 μΩ-cm) formed subsequently around 800 °C 

(figure 24). Before silicide formation, the resistivity of Ti film increases because of silicon 
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diffusing into the metal. Titanium is rapidly consumed in the silicide reaction, and no pure 

titanium could be detected at 600 °C or higher [15]. High temperature required for the 

formation of low resistance phase presents a problem in titanium silicide applications. 

 

Figure 24. In situ resistance measurement of Ti film on polysilicon during RTA [38]. 

 
In an extensive study of the Ti-Si solid state reaction [41], in which a 10 nm Ti film was 

evaporated on silicon in an ultra-high vacuum, results are somewhat different than those 

presented in ref. [38]. Already during the deposition titanium was found to be intermixed with 

silicon in a thin (~ 3 nm) region prior to the pure Ti layer formation. Silicon diffusion to 

titanium was first detected at temperatures below 200 °C, and terminated at 350 °C, 

presumably because there was no pure titanium left. This metastable phase was suggested to 

be monosilicide TiSi enriched with Si. The onset of second Si diffusion to Ti was at 400 °C, 

yielding to another metastable phase having a composition of C49-TiSi2 at 450 °C. The 

transition to stable C54 crystalline phase finally took place at 700 °C. 

When comparing different studies concerning titanium silicide reaction, a common trend is 

that there is a lot of differing information. Comparison between studies cannot be made 

directly, as the silicide formation temperature and reaction kinetics depend on the metal 

deposition method, annealing conditions and sample cleanliness [42], whereas the analysis 

method may affect the detected phases. Due to different levels of contamination, reported 

temperature values are generally in poor agreement, and thus the main prerequisite for 

reproducible silicide formation is an extreme control of surface cleanliness and annealing 

atmosphere. For sputtered Ti films that always contain impurities, the first forming compound 

was consistently TiSi at around 600 °C before transition to TiSi2, whereas for evaporated Ti, 

the first permanent phase detected was TiSi2 at 525–550 °C [39,40]. For evaporated films in 

clean conditions also a thin TiSi layer was observed before disappearing at the expense of a 

faster-growing TiSi2 phase [39]. For heavily oxygen contaminated TiO2 films the formation 

temperature of TiSi was higher than 650 °C, and TiSi2 did not appear until 750 °C [43]. 
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Native oxide at the surface of silicon as well as oxygen contamination in Ti film act as a 

barrier for Si atom diffusion, and the temperature required to destroy the barrier rises along 

with the impurity concentration or the oxide thickness [40]. This is also the reason behind 

TiSi formation in impure samples, since easily forming Ti oxides at the interface hinder the 

supply of dominant diffusing species Si, and a metal-rich phase is favoured before a high 

enough temperature enables adequate mobility of silicon for TiSi2 formation [39]. The effect 

of controlled oxide addition on the silicon surface has been studied in ref. [44]. With the 

presence of a thin (< 2 nm) oxide at the Ti-Si interface, the silicide reaction did not differ 

from the reaction seen in the clean sample, and a silicide was formed at moderate 

temperatures of 400–600 °C. This was attributed to the reaction between titanium and oxygen 

to produce TiO2, which frees silicon at the interface to react through the oxide. However, a 

thick thermally grown SiO2 layer impedes the silicide reaction acting as a diffusion barrier, 

and finally at 700–900 °C a Ti oxide is formed that prevents further silicidation. 

It can be concluded, that the sintering temperature currently used in MFI's process (450 °C) is 

high enough to cause intermixing at the interface. For clean surfaces in a ultra-high vacuum 

intermixing in a thin region has been reported even during room temperature deposition 

[38,45]. The increasing contact resistance in MFI’s sintering treatment is consistent with the 

behaviour observed in ref. [38], where Si diffusion into titanium caused a higher sheet 

resistance. However, it seems that the low-resistance version of TiSi2 is out of reach with our 

thermal budget, which is the product of annealing time and temperature [46]. While TiSi or 

high-resistance C49-TiSi2 could be obtained, the fundamental question is, whether it is 

reasonable to reach for a silicide that has no desirable electrical properties. Also oxidation of 

the Ti-based contacts causes complications when using MFI’s sintering equipment. 

An intriguing option to reduce the thermal budget would be to perform the sintering as a 

short-term (< 100 s) RTA step, which would lead to silicidation in a lower temperature than 

in conventional furnace annealing [46]. Generally RTA can provide the same contact 

resistance as long heat treatments in low temperatures without harmful effects, and usually it 

takes no more than one minute to complete the silicidation in normal sintering temperatures 

[20]. Other option would be to introduce some other contact metal, so that the silicide 

reaction would take place in a substantially lower temperature. For this purpose, platinum will 

be suggested by the author, because it would bring relief to the thermal budget and likely also 

properties comparable or superior to titanium. 

4.3.2 Platinum silicide formation 

One of the possible approaches how to achieve a low contact resistance is to adopt a metal 

that forms a silicide owing as low a Schottky barrier as possible in a reasonable temperature. 
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Platinum is a good option for p-type silicon, since the silicidation temperature is low and 

platinum silicide has a low Schottky barrier for holes (ΦBp ≈ 0.23 V for PtSi, ΦBp ≈ 0.32 V for 

Pt2Si, derived from table A-2). In addition to good electrical contact with silicon, PtSi has a 

relatively low resistivity (~ 30 μΩ-cm [11]). Temperature stability of PtSi is also adequate, 

since no Pt diffusion from PtSi to silicon was observed below 700 °C [42]. However, the 

adherence of platinum to silicon and especially silicon dioxide is not that good, which is 

mostly the reason why platinum has not been so extensively studied in fabricating contacts 

[52]. Regardless of the adhesion problem, rectifying contacts to silicon are most commonly 

made with PtSi thanks to its excellent Schottky contact characteristics on n-type silicon [11]. 

It is agreed in various studies, that platinum is spontaneously intermixed with silicon, 

resulting in a very thin (~ 1–1.5 nm) initial silicide already at room temperature [47]. In ref. 

[48], the presence of Pt-Si bonds was detected after evaporation in ultra-high vacuum on an 

atomically clean silicon substrate. In ref. [49], the platinum silicidation was extensively 

studied. The formation of an as-deposited PtxSi layer was confirmed, but there was no 

determination of the exact composition of the intermixed layer. Actual platinum silicide is 

formed in two phases: metal-rich disilicide Pt2Si first and monosilicide PtSi follows. In the 

first reaction, Pt is the dominant diffusing species into silicon, and in the subsequent PtSi 

formation, Si is diffused into Pt2Si. A sample with a 15 nm layer of Pt annealed by RTA at 

200 °C for 2 minutes showed a partial transformation to PtxSi, where x ≈ 2. The initiation of 

silicidation can be located near 200 °C, since no reaction was detected at 180 °C even after 

extended annealing times [50]. In RTA at 300 °C, the Pt2Si formation took less than 3 

seconds and the full conversion to PtSi was ready in less than 2 minutes. At 400 °C and 500 

°C, stoichiometric PtSi was detected, but in the latter case also oxygen was accumulated to 

the silicide surface presumably as silicon dioxide, due to the silicon outdiffusion. 

In ref. [46], RTA at 350 °C resulted in unreacted Pt and peaks of Pt2Si in X-ray diffraction, 

and RTA at 450 °C gave rise to peaks of PtSi, indicating that all the Pt2Si had been converted 

to PtSi. Also ref. [51] showed similar results: when Pt/Si interface was annealed in a vacuum 

at a certain temperature for different times, initially a Pt2Si layer started to form, and 

subsequently a PtSi phase started to grow, consuming the Pt2Si phase [51]. This behaviour 

was detected in all of the examined temperatures (240–400 °C), denoting that the platinum 

silicide reaction is not only temperature but also time dependent (figure 25). No Pt and PtSi 

were present simultaneously in either of the studies, implying that the formation of PtSi does 

not start until all the unreacted Pt has been consumed in Pt2Si formation. 
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Figure 25. Pt2Si and PtSi layer thickness as a function of t
1/2

 for 270 nm Pt samples annealed at 323 

°C. t0 is the time needed for the complete reaction of Pt to Pt2Si and the onset of PtSi formation. [51] 

 
As in the case of titanium, also the phase formation of platinum silicide is altered due to 

oxygen accumulation on the interface. The presence of oxygen may slow down or intercept 

the Pt2Si formation because of poor supply of Pt. Owing to the reduced mobility of platinum, 

the Si-rich phase PtSi, which normally appears after all Pt is consumed, was formed before 

the complete reaction of Pt to Pt2Si [51]. In ref. [49], oxygen contamination in the annealing 

ambient was noticed to hinder the reaction between platinum and silicon, since it diffuses to 

the Pt film, piles up on the Pt-Pt2Si interface and acts a diffusion barrier. Oxygen presence 

was especially detrimental to the silicide formation when Pt film was thin, and as a result, 30 

minutes at 300 °C was not sufficient to ensure the Pt2Si formation. 

The effect of Si surface cleanliness and controlled impurity ambients in the formation of 

platinum silicide was studied in ref. [50]. In the study, silicide formation on atomically clean 

surface was compared to two somewhat poorer surface preparations simulating an evaporated 

Pt film and a sputtered Pt film. No differences in silicide growth kinetics were observed, 

indicating that a reasonable surface cleanliness is highly adequate for silicide reaction to take 

place. However, the level of active impurities present in the Pt film proved to be an important 

variable, as the increasing partial oxygen pressure slowed down the diffusion reactions at 10
-8

 

Torr, and at 10
-7

 Torr the Pt2Si formation stopped before completion. Also PtSi and Pt2Si 

were present simultaneously during the heat treatment, a behaviour differing from the usual. 

According to ref. [52], electrical characteristics of PtSi depend on the deposition method and 

surface preparation. In the study, a 20 nm Pt layer was sputtered on top of p
+
- and n

+
- ion 

implanted silicon substrates and sintered at 590 °C for 20 minutes in H2 ambient to form 

stoichiometric and stable PtSi. In the first set of experiments, Pt was deposited at room 

temperature on a chemically cleaned surface, while in the other set the surface preparation 

involved sputter etching and the substrate was heated to 200 °C during deposition. The latter 
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surface preparation procedure resulted in significantly lower specific contact resistance 

values, since an improvement by a factor of ~ 2 for p
+
-Si and a factor of ~ 6 for n

+
-Si was 

found. It was suggested that the effect of in situ heating was due to silicidation occurring 

already at 200 °C, which would prevent oxygen from reacting with silicon during sintering. 

The effect of PtSi layer on electrical contact formation was examined in ref. [29], in which 

different metals were deposited on n- and p-type Si substrates with or without an intermediate 

PtSi layer. The introduction of an intermediate PtSi layer reduced the contact resistance of the 

system regardless of the metal used, and the effect was especially strong with mid-resistivity 

silicon with a magnitude of reduction obtained (table 3). The contact resistance values were 

almost independent of the metal used, which indicated that the potential barrier was in the 

region of PtSi. Also ohmic contacts instead of Schottky contacts yielded with higher Si 

resistivity in the presence of an intermediate silicide layer. Air bakes at 450 °C were 

performed for different contact metals, and generally the contact resistance was lowered but 

not more than 50 % (table 4). Other tests showed that PtSi-Si contacts have an extreme 

thermal stability of contact resistance in long term heat treatments at 250 °C. 

Table 3. Metal-silicon contact resistance [Ω] with or without an intermediate PtSi layer. R indicates 

that the contact was rectifying. [29] 

 

 

Table 4. Temperature stability of metal-silicon contact with or without an intermediate PtSi layer [29].  

 

 
 
As a conclusion, platinum silicide offers superior ohmic contact characteristics on p-Si 

compared to titanium, as well as an achievable silicidation temperature. Thanks to a low 

barrier height to p-type silicon, very low contact resistances can be achieved, which is the 

primary criterion for the metallization. Also the results of ref. [29] indicated that applying an 

intermediate PtSi layer between silicon and metal yields an ohmic contact more easily than 

without the silicide. As platinum does not readily react with oxygen, sintering can be 

conducted in air and atmospheric pressure without a need for new expensive equipment. The 

only possible concern in utilizing Pt as the first contact metal is the poor adhesion to silicon. 
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5 Research methods 

5.1 Surface roughness measurement 

There are not many reasonable parameters in dicing that can be tested, since for example 

modifying the blade speed and rotational speed are an endless field of work. What would be 

worthwhile is to analyse the resulting surface quality and its variation with current dicing 

process. If some connection between surface roughness and contact resistance could be found, 

as suggested earlier, this would provide some useful information for further modification of 

the dicing process. Dicing surface quality can be analysed with MFI's Olympus Lext 

OLS3100 optical confocal microscope, which is an optical profilometer utilizing laser beam 

rastering instead of a mechanical stylus in conventional profilometry. Surface roughness is 

measured as RMS (root mean square) roughness, which is defined 
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where L and M are the dimensions of the contour curved surface, and f(x,y) is the profile 

curved surface [53]. 

5.2 Pad-to-pad resistance measurement 

Contact resistance of test pad structures can be most easily compared by measuring their pad-

to-pad resistances. In pad-to-pad resistance measurement, the resistance between two adjacent 

contact pads of the same size is measured with a standard manually operated multimeter. The 

smallest available measurement probes were used in order to facilitate hitting the relatively 

small pad structures. The total resistance between any two contacts is denoted as 

     
   

 
    ,        (17) 

in which rs is the semiconductor sheet resistance, L is the contact spacing, W is the contact 

width, and RC is the contact resistance of a single contact [25]. By using this equation and 

various contact spacings, the total resistance could be plotted, and the sheet resistance as well 

as the contact resistance could be extracted from the graph. However, in our test structures L 

and W are constants and rs is also constant with a good precision, so comparing RT values 

gives direct information on the contact resistance RC. The resistance of the circuit due to 

measuring probes and contaminants could be measured by placing the probes on a single 

contact [54], but we are not interested in precise values, qualitative comparison is sufficient. 

Pad-to-pad resistance measurements were conducted for test structures before and after 

sintering to point out the effect of heat treatment and examine the possible formation of low-
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resistance silicides. Resistance values for 10 randomly selected pad pairs were measured for 

each sample to give an average value. The measurement was not accurate, because the 

position and budging of the measuring probes affected the value for some ohms for higher 

resistances and some decimals for smaller resistances. Also the pad-to-pad resistances 

differed a lot along the sample, and therefore the average of ten measurements is only 

suggestive even at best. However, a suggestive comparison is enough to solve the ranking 

between different samples, as well as the possible effect of surface roughness. 

5.3 Grinding 

In order to simulate a diced surface in a test structure, where contact metal pads are deposited 

on a wafer, the wafers were ground prior to the deposition. A few different grinding programs 

were tested to find a suitable treatment corresponding a diced element surface, and two of 

them were chosen to represent "rough" and "very rough" surface qualities. Grind 1 (very 

rough) was performed with 7AF wafer grinder by R. Howard Strasbaugh Inc. and Grind 2 

(rough) was conducted with DFG841 grinder by Disco corporation. The wafers were first 

thinned down to ~ 600 μm with a rough grinding pad and smoothing was conducted with a 

fine pad. After grinding, the wafers were washed in a scrubber using de-ionized water and 

ammonia as chemical to clean the residues from grinding. Subsequently, the roughness of 

ground wafers was measured with the optical confocal microscope. 

In the grinding pads, the abrasive material is embedded to a binding medium, in this case 

diamond particles in a resin-polymer mixture. The most significant difference in dicing 

quality arises from the size distribution of the diamond particles, which can be estimated with 

so called mesh numbers. Mesh number for the particles is indicated by the densest 

measurement lattice through which most of the particles are filtered, while the mesh number 

of the lattice is determined by the number of openings. Mesh numbers used in this study were 

320 and 1500 for Grind 1, and 150 and 1500 for Grind 2. Although the mesh number of the 

fine pad is the same in both processes, they do not produce the same quality because of 

differences in the equipment and for example pad size. 

5.4 Evaporation 

Deposition of the pad metals on test wafers was performed with the Cha Industries' Mark 40C 

evaporation system, which is also utilized in production. Metal islands were achieved by 

attaching a shadow mask wafer with small rectangular holes on the substrate wafer. A shadow 

mask with the biggest holes available was chosen, so that the pad-to-pad resistance could be 

measured manually with probe needles. In the experiments, various Ti- and Pt-based metal 

stacks were utilized, and the deposition of each single metal was always conducted using the 
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production recipe. Before each deposition, a standard 5 minute premill step was performed. In 

the case where two separate evaporation steps were applied for the same metal stack, premill 

was also carried out prior to the second evaporation. Deposition rates were 16.8 nm/min for 

Ti and 34.8 nm/min for Pt and Au, and production recipe for titanium involved the utilization 

of IBAD. During the Ti deposition the pressure was a decade higher (~ 10
-5

 mbar) than during 

the deposition of Pt and Au (~ 10
-6

 mbar). This originates from the IBAD utilization, because 

bombarding the film with ions deteriorates the vacuum of the chamber. 

5.5 Thickness measurement 

The deposited thickness of single metal evaporations was certified using the Dektak 

profilometer, in which a mechanical stylus is carried on the surface to draw the thickness 

profile. Thickness measurements were performed as an average of 5 measurements within 

each wafer using the method described in section 3.2.2, and uniformities were calculated 

using the equation (6). Thicknesses were measured also after the sintering treatments, since it 

is assumed, that the possible silicide formation could be noticed as a change in the thickness 

profile. Forming the silicide consumes metal while the silicide-metal interface is 

approximately on the level of the initial metal-silicon interface [11]. Dektak measurements 

were not very accurate due to relatively high surface roughness that complicates finding the 

average step height, and also leveling of the profile affects the received value. Especially the 

thickness measurement of thin (< 100 nm) Pt films was difficult, because surface roughness is 

on the same scale. A reasonable estimate can be received by good leveling and averaging. 

5.6 EDX 

Chemical analysis by EDX (energy dispersive X-ray spectroscopy) is conducted for the 

samples before and after sintering in order to characterize the changes taking place at the 

metal-silicon interface. EDX equipment is connected to a SEM (scanning electron 

microscope), which is utilized to focus to the area to be imaged. EDX analysis is based on 

electron bombardment with a high enough energy to excite electrons out of the sample 

material. Replacing the excited electron with an electron from an outer shell produces X-ray 

photons with a wavelength characteristic for each element, since the emitted energy depends 

on the band structure. With a spectrometer, the energy of the X-ray radiation can be 

quantified to specify the elemental composition of the sample. 

The purpose of the EDX analysis was to find an acceleration voltage where Si peaks are first 

observed in the elemental analysis, in practise when the share of silicon in the mass 

distribution is more than 0 %. It is suggested, that by comparing the acceleration voltages 

required for arising a silicon peak before and after sintering, the transition of Si atoms at the 
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interface can be detected. The penetration depth of the accelerated electrons only depends on 

the penetrated material, its quality and thickness, in addition to the energy of the electrons. 

The quality of the material remains the same during sintering at least for platinum, but 

oxidation of titanium may complicate the interpretation of the results. Also the thickness of 

the penetrated material might be slightly changed due to possible silicide formation and 

titanium oxidation. However, as a suggestive comparison EDX is adequate, and for more 

accurate elemental identification along the depth some other analysis method should be used. 

The acceleration voltage was estimated in each situation by Monte Carlo simulation with 

Casino program, and the actual acceleration voltage was acquired with a precision of 0.1 keV 

by iterating the voltage value. In some cases the EDX analysis misinterpreted the elemental 

peaks and suggested that the samples contain elements (such as Zr, Hf) that they do not 

possess with a high probability. In these situations, the program was told to ignore the 

elements in question and to search for elements of interest (Pt/Ti, Si, O) instead. 

5.7 Sintering 

Sintering of the test samples was performed in MFI's laboratory with an Omegalux oven in air 

and atmospheric pressure. In order to get the sintering treatment as close as possible to the 

situation in production, some evaluation of the sintering step in UniTemp oven was done. In 

UniTemp the heating is realized with UV lamps relatively quick with a target ramp rate of 

900 °C/min. However, the actual warming rate is significantly lower and the oven reaches the 

target temperature of 450 °C on an average of 120 seconds, based on the process graphs of 

UniTemp (example in figure 26). The target holding time at 450 °C is 6 minutes, but since the 

actual warming is slower than expected, the oven is at the target temperature for about 4.5 

minutes. 

 

Figure 26. A typical process graph for UniTemp oven. 
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Based on measurements conducted earlier in MFI, the maximum temperature witnessed by 

the element was approximately 40 °C lower than the temperature of the oven. Thus, if the 

target temperature is 450 °C, the actual temperature experienced by the elements is around 

410 °C. The jigs carrying the elements also warm up to the maximum temperature slower 

than the oven, in fact it took about 120 seconds after the oven had reached the target 

temperature. So, if the target parameters of sintering are 6 minutes at 450 °C, the actual 

sintering experienced by the elements might be 2.5 minutes at the maximum temperature of 

410 °C. The cooling rate of the oven is set to -430 °C/min, but the actual cooling takes much 

more time, about 15 minutes. 

Because the heating rate of Omegalux is significantly smaller (~ 40 °C/min), the samples on 

top of a quartz wafer boat were placed directly to the sintering temperature and not heated 

with the oven. Thus the heat amount experienced by the sample is closer to the situation in 

production. Because opening the door of the oven reduced the temperature for a few degrees, 

the oven was first slightly overheated so that opening the door returns the temperature on a 

desired level. After the sintering time, the heating was turned off, the oven door was opened 

and the ceramic holder was cooled down for a couple of minutes, after which it was 

transferred to room temperature. Presumably also in the case of Omegalux the temperature 

experienced by the samples is lower than the temperature shown by the oven, so the 40 °C 

temperature difference measured for the production process has not been considered when 

choosing the sintering temperatures. Preliminary tests can be conducted in roughly the same 

conditions as the production process, and if a new sintering process was introduced, it needs 

to be anyway qualified in clean room conditions using the production equipment. 

5.8 Adhesion testing 

A simple method to evaluate adhesion of a metal is to attach a Scotch tape on the substrate 

and peel it away [11]. If the metal peels along with the tape, it has failed the tape test, 

otherwise the adhesion is sufficient. Scotch tape tests were conducted for the samples before 

and after sintering to examine the adhesion of different contact metals on silicon after various 

treatments. Sintering of a metal-semiconductor contact does not only improve the electrical 

but also the mechanical contact, and therefore this test gives information on the temperature 

required for an adequate adhesion. When titanium is deposited on silicon the adherence is not 

a problem, but for platinum on silicon some special attention might be required to get the 

adhesion on a sufficient level. 
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6 Test arrangements 

To characterize the surface roughness and roughness variation of the diced element surfaces, 

surface roughness measurements were performed. Since the dicing quality is more easily 

measurable on a strip rather than separate dies, a stacked wafer was diced using the current 

program only along the longer side of the element. The dicing advanced from left to right 

when the flat was pointing down, and the dicing was initiated next to the flat, progressing one 

groove at a time towards the upper edge. One groove produced two dicing surfaces: the 

surface pointing away from the flat is marked A, and the surface facing towards the flat is 

denoted B. Pads are always evaporated on the surface B. 

Two adjacent strips that cover about 40 elements were randomly picked at the middle of the 

wafer, and the dicing quality was analysed with a confocal microscope visually and by 

roughness measurements. The objective was to find both extremes of roughness, as well as 

roughness alteration along the string and in z-direction. In addition, differences in roughness 

between surfaces A and B of the same dicing groove were explored. Measurements were 

performed as follows: 

i. Two opposite surfaces (A and B) were analysed. 

ii. Roughness was measured from every third (1., 4., 7., etc.) element counting from the 

start of the dicing. 

iii. 3 roughness measurements were conducted for each element at the same z-axis as 

follows: 

1. Ocularly the roughest point. 

2. Point at the middle of the structural wafer in z-direction. It is emphasized, 

that the measurement point is the same for both surfaces A and B. 

3. Ocularly the smoothest point. 

It was suggested in the theoretical part, that the dicing quality might have an effect on the 

metal-silicon electrical contact formation. Whether there lies any correlation between surface 

roughness and contact resistance values will be examined subsequently. For this purpose, 

elements with especially rough and smooth pad areas were searched from the same batch, and 

their pad-to-pad resistances were measured. A dozen of elements with a rough lower capping 

wafer area and a smooth upper capping wafer area were inspected (an example in figure 27 

a). Pad-to-pad resistance was measured between the pads of lower capping wafer and the pads 

of upper capping wafer, but the results are not comparable due to possibly differing 

resistivity. As a reference, resistances were measured from a dozen of elements having 
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smooth areas on both upper and lower capping wafer (example in figure 27 b). Resistance 

values of upper capping wafers as well as lower capping wafers are comparable with each 

other, thanks to the same resistivity. 

 

Figure 27. An optical microscope image of an element with a) a rough lower capping wafer, b) a 

smooth lower capping wafer. 

 
The contact resistance depends on the phenomena occurring at the metal-semiconductor 

interface, and the purpose of the next experiment was to characterize these reactions, 

especially the possible formation of a low-resistance silicide. Because currently used titanium 

is not the best option for the first contact metal in terms of electrical contact (relatively high 

barrier on p-type Si), stability (oxidizes easily) and thermal budget (high silicidation 

temperature), the utilization of platinum as the bottom metal was also tested. Ti and Pt contact 

pads were evaporated on silicon wafers and sintered, and the ranking between these metals 

was determined by pad-to-pad resistance measurements. Silicon wafers ground with two 

different programs as well as unprocessed reference wafers were involved to provide 

information about the effect of surface quality on the resistance values. Thickness 

measurement by Dektak, EDX analysis and adhesion tests were conducted for the samples 

before and after sintering to study the changes taking place during the heat treatment. 

In the rest of the experiments, 800 μm thick p-Si wafers from the same batch were utilized as 

the starting material. The batch was selected based on its small resistivity variation (21.60–

22.19 mΩ-cm) to eliminate the impact of resistivity changes on the resistance measurements. 

Two different grindings resulting in "rough" and "very rough" surfaces were performed. 

Unprocessed wafers, that have a smooth surface as a result of polishing in the wafer 

manufacturing company, were involved in the test as reference. Altogether 12 wafers were 

processed as follows: 

1. Grind 1 (very rough), 3 wafers 

2. Grind 2 (rough), 6 wafers 

3. Reference (smooth), 3 wafers 
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Three evaporations were conducted so that there was one very rough wafer, two rough wafers 

and one smooth reference wafer in each batch. Metals were deposited as follows: 

1. Premill + 225 nm Ti, wafers 1–4 

2. Premill + 225 nm Pt, wafers 5–8 

3. Premill + 30 nm Pt, wafers 9–12 

The 225 nm thicknesses are directly from the current contact metal stack, and thin 30 nm Pt 

layer is involved for common interest and comparison. It is suggested that such a thin layer 

would form platinum silicide along its whole thickness, and silicide would be easier to detect. 

With thick metal layers, the reactions at the interface are more difficult to be observed. 

The wafers were cut into smaller pieces in order to get enough samples for different sintering 

treatments. Ti samples were sintered for 6, 12 or 24 minutes at temperatures of 400–650 °C 

and platinum samples for 6 or 24 minutes at 275–450 °C. Sintering times and temperatures 

for each sample are shown in table 5. 

Table 5. Sintering times and temperatures for Ti and Pt samples. 

 

Metal Ti 225 nm Pt 225 nm Pt 30 nm 

Wafer # 1 2 or 3 4 5 6 or 7 8 9 10 or 11 12 

Grinding Grind 1 Grind 2 ref. Grind 1 Grind 2 ref. Grind1 Grind 2 ref. 

Temperature [°C] Time [min] Time [min] Time [min] 

275   

  

  6, 24 

 

  6, 24 

 300   

  

6 6, 24 6 6 6, 24 6 

325   

  

6 6, 24 6 6 6, 24 6 

350   

  

6, 24 6, 24 6, 24 6, 24 6, 24 6, 24 

375   

  

6 6, 24 6 6 6, 24 6 

400   6 

 

6 6, 24 6 6 6, 24 6 

425   

  

  6 

 

  6 

 450 6, 24 6, 12, 24 6, 24   6 

 

  6 

 500   6 

 

  

  

  

  550   6 

 

  

  

  

  600   6 

 

  

  

  

  650 6, 24 6, 24 6, 24   

  

  

   
In order to utilize platinum as the first contact metal, the Pt layer properties were optimized 

next. It was suggested that the Pt thickness affects the contact resistance but also the adhesion 

between platinum and silicon. In order to clarify the dependence of resistance and adhesion 

on layer thickness, pad-to-pad resistance measurements as well as adhesion tests were 

performed for several Pt thicknesses sintered in different temperatures. The objective was to 

find the best possible Pt thickness in terms of contact resistance, while other motivation for 
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the experiment is that the consumption of valuable platinum should be kept minimal. As the 

increasing sintering temperature improves adhesion, it was also examined what is the lowest 

possible sintering temperature to give rise to a sufficient adhesion for a given Pt thickness. 

Altogether 5 wafers numbered 13–17 were ground using the Grind 2 process. Evaporation of 

platinum pads with a thickness of 50–225 nm was performed as follows: 

1. Premill + 50 nm Pt, wafer 13 

2. Premill + 75 nm Pt, wafer 14 

3. Premill + 100 nm Pt, wafer 15 

4. Premill + 150 nm Pt, wafer 16 

5. Premill + 225 nm Pt, wafer 17 

225 nm pads were evaporated as a reference, because the results are not necessarily 

comparable with the results of the earlier experiment due to possible alteration in the 

processing. Sintering treatments of 6 minutes at 275–375 °C (ΔT = 25 °C) were applied for 

samples cut into smaller pieces, so that all 5 Pt thicknesses were sintered at each temperature. 

Finally, the introduction of an alternative contact metal stack structure instead of Ti/Pt/Au 

was studied. Since the resistivity of the bulk material cannot be decreased enough to realize a 

low-resistance ohmic contact, probably the most straightforward way to achieve a good 

contact is to modify the metal structure, and therefore four Pt-based alternative metal 

structures were presented (table 6). It is suggested that all of the presented structures would 

bring advantages in the thermal budget thanks to lower silicidation temperature. This also 

decreases the probability of harmful reactions and enables thinner barrier layers between Si 

and Au as well as Ti and Au. The mutual ranking of the presented structures was evaluated in 

terms of pad-to-pad resistance and adhesion to find the best option as the new metal structure. 

Comparison was also made to the currently used Ti/Pt/Au reference structure. 

Table 6. Evaporation and sintering practices for current and alternative metal structures. 

 

Process Structure 1. evaporation Sintering 2. evaporation 

Ref. Ti/Pt/Au Ti/Pt/Au 450 °C - 

1 Pt/Au Pt/Au 325 °C - 

2 Pt/Ti/Pt/Au Pt/Ti/Pt/Au 325 °C - 

3 PtSi + Pt/Au Pt 375 °C Pt/Au 

4 PtSi + Ti/Pt/Au Pt 375 °C Ti/Pt/Au 

 
Altogether 8 wafers were ground with the Grind 2 program. Evaporation either in one step or 

two separate steps and sintering treatments was performed as follows (no premill nor IBAD 

specified here for clarity): 
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1. Ti/Pt/Au (225/225/125 nm) + 6 min at 450 °C, wafer 18 

2. Ti/Pt/Au (225/125/125 nm) + 6 min at 450 °C, wafer 19 

3. Pt/Au (100/125 nm) + 6 min at 325 °C, wafer 20 

4. Pt/Ti/Pt/Au (100/225/125/125 nm) + 6 min at 325 °C, wafer 21 

5. Pt/Ti/Pt/Au (100/225/125/125 nm) + 6 min at 400 °C, wafer 22 

6. Pt (100 nm) + 6 min at 375 °C + Pt/Au (100/125 nm), wafer 23 

7. Pt (100 nm) + 6 min at 375 °C + Ti/Pt/Au (225/225/125 nm), wafer 24 

8. Pt (100 nm) + 6 min at 375 °C + Ti/Pt/Au (225/125/125 nm), wafer 25 

The sintering temperature utilized for the alternative metallization sequences was determined 

by the risk of harmful metallurgical reactions. When the evaporation is conducted in two 

steps, the pursuit of low-resistance platinum silicide should be somewhat easier because no 

potentially harmful reactions are possible, and sintering can be conducted at a higher 

temperature (375 °C) compared to other structures (325 °C). The effect of sintering 

temperature was further examined by introduction of a somewhat higher (400 °C) temperature 

in structure 5. Modifications to the intermediate Pt thicknesses were made between structures 

1 and 2 as well as 7 and 8 to clarify whether it is possible to reduce the metal consumption 

without loss of barrier properties. 

The quality of each completed pad structure was inspected visually with an optical 

microscope. Adhesion tests were conducted before and after sintering for structures 1–5 and 

after the second evaporation step for structures 6–8. Pad-to-pad measurements were 

performed for the final structures, and the number of measurements was increased to 20 per 

wafer to make the test series more reliable. Measurements were made evenly within the wafer 

to get a comprehensive view of the resistance values.  



 

50 

 

7 Results and discussion 

In this section, the results of the experimental section are presented and research hypotheses 

are discussed. The results have been divided according to five separate test series to present 

the chronological order of the findings. Usually results of the previous test series acted as a 

motivation for the next test arrangement and selection of its parameters. 

7.1 Studying the dicing quality 

Firstly, the magnitude and variation of surface roughness on the dicing surface was examined. 

Roughness measurement results can be seen in figure 28. In appendix B, some typical 

confocal microscope images of A and B surfaces, as well as very rough zones found at the 

surface are presented. 

 

Figure 28. Rq roughness measurements of A and B surfaces. 

 
From the results it is evident that there is substantial roughness alteration both along the 

dicing direction and z-direction. Smoothest areas at the dicing surface have an Rq roughness 

somewhat below or above 20 nm, while the maximum roughness is normally around 60 nm. 

The best roughness value to represent the whole dicing surface can be found at the middle 

point, since there is no selectivity involved, and the roughness was around 20–40 nm with 

few exceptions. Also there are some extremely rough areas at surface A with an Rq roughness 

above 100 nm, and roughness variation is thus on the scale of 10 at highest. By comparing the 

extremely rough areas illustrated in figures B-3–B-5, it can be concluded that there are 

different types of roughness in the high roughness areas. No extremely rough areas were 

found at the B surface, and also the roughness variation is more regular. The blade is identical 

on both sides of the dicing groove, so the geometry does not give an explanation.  
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By comparing figures B-1 and B-2, it can be seen that surface B looks somewhat similar in 

both cases, whereas at surface A there is a lot of visual roughness variation. Also roughness 

measurements show that the roughness varies a lot at surface A both in the dicing direction an 

z-direction. At surface B, roughness variation is smaller especially along the dicing direction. 

The opposite surfaces A and B are visually not anywhere near identical, but the roughness 

values are close to each other at the middle point in almost every case. This supports the 

assumption that dicing is identical on both sides of the blade. An interesting exception can be 

found in element 31, which has the smoothest A surface and the roughest B surface in the test 

series. The most uniform roughness is found on the structural wafer, since almost without 

exception the roughest and smoothest points are on the upper and lower capping wafers. 

The main results of this experiment are that the roughness varies a lot in a short distance, and 

the variation of roughness values within one wafer and even one element is remarkable. For 

an average element, which involves no extremely rough areas, Rq roughness of the roughest 

areas is 2–4 times higher than the roughness of the smoothest areas. Also it is evident that no 

unambiguous roughness value can be determined for a certain point along the dicing 

direction. As it was suggested earlier, high roughness on the dicing surface could facilitate the 

electrical contact formation. Since the roughness variation of the dicing surface is highly 

considerable, in subsequent studies it is examined how the different surface roughnesses 

discovered in this experiment affect the contact resistance values. 

7.2 Correlation between surface roughness and resistance values 

Pad-to-pad resistance measurement results for elements with smooth upper capping wafers 

and rough or smooth lower capping wafers (see figure 27 a and b) are in tables 7 and 8. 

Table 7. Pad-to-pad resistance measurements of elements similar to figure 27 a. 

 

Measurement Pad to pad resistance [Ω] 

Smooth upper wafer 2.0 ± 0.5 

Rough lower wafer 2.9 ± 1.0 

 

Table 8. Pad-to-pad resistance measurements of elements similar to figure 27 b. 

 

Measurement Pad to pad resistance [Ω] 

Smooth upper wafer 2.7 ± 1.2 

Smooth lower wafer 2.5 ± 0.7 

 
Values comparable with each other thanks to similar resistivity are 2.9 ± 1.0 Ω for rough pad 

areas and 2.5 ± 0.7 Ω for smooth pad areas. Since differences in pad-to-pad resistances fit in 

the margin of error, it cannot be said that the surface roughness affected the resistance values. 

The highest resistance values were found on the rough pads, but on the other hand, there were 
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also very low resistance values involved. The other comparable couple 2.0 ± 0.5 Ω and 2.7 ± 

1.2 Ω for smooth pad areas proves that the resistance variation is considerable. In other 

words, no distinct correlation could be found between surface roughness and resistance values 

with this test arrangement. It seems more likely that the resistance values vary quite 

randomly, and there is at least no clear connection to the surface roughness. 

Since it would be useful to become confident that there is no connection between roughness 

and resistance values, this could be finally verified by measuring pad-to-pad resistances on an 

element with an extremely rough surface, as shown in figure B-3 in appendix B. If there were 

no explicit change on the resistance values compared to standard elements, one could be sure 

that roughness does not have a noticeable effect. However, when elements of ten diced wafers 

were examined with an optical microscope, no extremely rough areas could be found at the 

pad surfaces. It is a good result that the roughness variation is more reasonable on the surface 

where the pads are deposited, and the presence of extremely rough areas is not a concern. 

7.3 Characterization of Ti and Pt contacts 

In the following test series wafers numbered from 1–12 were utilized, and their roughness 

measurement results are presented in table 9. 

Table 9. Results of the Rq roughness measurements for wafers 1–12. 

 

Grinding Grind 1 Grind 2 Reference 

Wafer # 1 5 9  2 3 6 7 10 11 4 8 12 

Rq  [nm] 92.6 90.3 90.2 61.5 62.9 52.0 46.2 65.2 67.2 12.9 14.6 10.7 

Average 91.0 ± 1.4 59.2 ± 8.2 12.7 ± 2.0 

 
Grind 1 process produces ~ 90 nm Rq roughness, Grind 2 process generates ~ 60 nm Rq 

roughness and smooth reference wafers have an Rq roughness of ~ 13 nm. Based on some 

spot checks the roughness did not alternate much within the wafers, so only one measurement 

was conducted to represent the whole wafer. Variation is quite small for Grind 1 and 

reference wafers, whereas Grind 2 has more alteration in the values. However, the 

roughnesses can be clearly distinguished as "smooth", "rough" and "very rough", and 

comparison can be made for resistance values between different surface roughnesses. The 

roughness generated by Grind 1 is close to the roughness of extremely rough areas found on 

the dicing surface, whereas Grind 2 represents the maximum roughness of an average 

element. The roughness of polished reference wafers is near the smoothest areas found on the 

elements, but the roughness is of different type than the quality of diced surfaces. No grinding 

program resulting in a typical roughness of 20–40 nm was available. 
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Evaporation of the metals was successful and only in wafer 8 there was peeling pads in 

certain areas. Pads were always peeling from the same edge, so it is highly unlikely that 

peeling is caused by for example contamination or surface quality. Already this proves that 

the adhesion of Pt on silicon might be insufficient in some cases. Results of thickness 

measurements performed after evaporation are presented in table 10. 

Table 10. Thickness measurement results by Dektak for wafers 1–12. 

 

Metal Ti 225 nm Pt 225 nm Pt 30 nm 

Wafer # 1 2 3 4 5 6 7 8 9 10 11 12 

Measurement Thickness [nm] Thickness [nm] Thickness [nm] 

1 230.0 235.2 234.7 245.5 207.5 218.4 218.8 219.6 28.7 31.4 27.5 29.5 

2 231.7 224.1 237.4 237.1 214.0 215.1 211.6 211.0 27.0 32.6 27.9 30.8 

3 229.7 226.8 233.0 233.5 221.6 231.6 228.9 214.9 31.5 23.3 34.1 36.0 

4 228.8 230.6 230.3 225.3 218.8 217.8 220.3 216.4 40.4 33.6 28.7 37.9 

5 223.4 240.9 238.2 217.0 193.4 223.7 208.5 204.0 31.8 34.1 34.7 26.3 

Average 228.7 231.5 234.7 231.7 211.1 221.3 217.6 213.2 31.9 31.0 30.6 32.1 

St. Dev. 3.2 6.7 3.2 11.0 11.2 6.5 8.0 6.0 5.2 4.4 3.5 4.8 

Uniformity [%] 1.8 3.6 1.7 6.2 6.8 3.7 4.7 3.7 19.9 18.8 11.6 18.1 

 
The average thickness values of deposited films are near the desired target thicknesses. 

However, the thickness non-uniformity is high for some wafers; in general titanium is more 

uniform than platinum and thick Pt is more uniform than thin Pt. The high non-uniformity for 

thin Pt presumably arises from relatively high surface roughness complicating the Dektak 

measurement, and the actual thickness uniformity is presumably better. No wafer-to-wafer 

regularity can be found, although the values should be about the same for every measurement 

spot inside the batch, thanks to the geometry of the evaporation. It can be concluded, that 

there lies some unknown factors in evaporation that cause the atoms to distribute inside the 

chamber in a manner differing from suggested. Because the rotation of the holder is 

somewhat slow, some variation in the aiming of the e-beam gun could contribute to this kind 

of changes, and the shape of the evaporated metal source also has an effect. 

Thickness measurements conducted for “rough” wafers after different sintering treatments are 

reported in table 11.  
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Table 11. Thickness measurements conducted after sintering, two measurements were performed for 

each sample. 6 @ 275 means a sintering treatment of 6 minutes at 275 °C. 

 

Metal Ti 225 nm Pt 225 nm Pt 30 nm 

Wafer # 2 or 3 6 or 7 10 or 11 

Measurement Thickness [nm] 

6 @ 275   223.3 31.5 

24 @ 275   224.7 34.3 

6 @ 300   220.0 36.6 

24 @ 300   213.8 29.9 

6 @ 325   214.7 32.9 

24 @ 325   214.3 34.8 

6 @ 350   215.8 29.5 

24 @ 350   219.1 32.5 

6 @ 375   203.7 29.2 

24 @ 375   210.0 31.4 

6 @ 400 232.7 205.1 29.9 

24 @ 400   211.1 28.7 

6 @ 425   198.8 36.3 

6 @ 450 241.7 195.6 32.6 

12 @ 450 240.8     

24 @ 450 247.8     

6 @ 500 239.2     

6 @ 550 260.7     

6 @ 600 265.5     

6 @ 650 323.5     

24 @ 650 423.0     

 
Thickness of the Ti pads is evidently increased when the sintering temperature is raised, and 

the effect can be seen around 550 °C, as thickness has grown from initial ~ 230 nm to ~ 260 

nm. However, the increasing thickness cannot be related to silicide forming reaction, because 

the samples were strongly oxidized during sintering at all of the employed temperatures (see 

following EDX results). Presumably the change in the Ti thickness is a joint effect of both 

titanium oxidation and silicidation, but silicide formation cannot be confirmed with these 

results. It is worth mentioning that sintering at 650 °C resulted in hillocks in almost whole 

pad areas on polished wafer 4, while ground wafers remained without hillocking. This result 

suggests that the hillock formation depends on the state of the substrate surface. 

According to the results, also 225 nm thick Pt has a clear trend of decreasing thickness when 

the temperature is increased. Initial Pt thicknesses were approximately 220 nm for wafers 6 

and 7, and the thickness is reduced close to or below 200 nm in sintering treatments above 

400 °C. Threshold temperature of the silicidation cannot be determined accurately, because of 
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inaccuracy of the measurement and variation in thickness values. However, one can say that 

silicide has definitely formed around 400 °C, since the pad profile has changed significantly.  

With 30 nm Pt the increasing sintering temperature does not cause any noticeable change in 

the pad thickness. This is rather contradictory, since the silicide formation should be similar 

regardless of the pad thickness, and silicidation should be seen as relatively large change in 

the thickness of thin metal layer. One may approximate the layer thickness that should result 

from the silicidation of 30 nm Pt by using the numbers reported in table A-3. If it is assumed, 

that all 30 nm platinum is consumed in the silicide reaction, this requires 30 nm * 1.2 = 36 nm 

of silicon to produce PtSi. Resulting thickness of PtSi would be 30 nm * 1.97 ≈ 59 nm, and 

thus the level of the pad would be (30 nm + 36 nm) - 59 nm = 7 nm lower, resulting in a pad 

thickness of approximately 23 nm. 

Pad-to-pad resistance measurements as an average of 10 measurements for wafers 1–12 

before sintering are shown in table 12. 

Table 12. Pad-to-pad resistance measurements for wafers 1–12 before sintering. 

 

Metal Ti 225 nm Pt 225 nm Pt 30 nm 

Wafer # 1 2 3 4 5 6 7 8 9 10 11 12 

Grinding Grind1 Grind2 Grind2 Ref. Grind1 Grind2 Grind2 Ref. Grind1 Grind2 Grind2 Ref. 

Measurement Pad-to-pad resistance [Ω] Pad-to-pad resistance [Ω] Pad-to-pad resistance [Ω] 

Average 11.9 10.9 11.6 867 5.5 5.9 6.6 55.9 21.9 19.6 17.5 127 

St. Dev. 0.5 0.5 1.0 455 0.7 0.3 0.6 30.0 4.8 3.8 3.8 112 

 
No significant difference in pad-to-pad resistance can be found between rough and very rough 

wafers, but smooth reference wafers have remarkably higher resistance values and variation. 

The reference wafers were not processed at all before evaporation, so there might have been a 

thick enough native oxide on the surface not to be removed by premill, while no insulating 

oxides were presumably left on the other wafers. Also the polished surface is of different type 

than ground wafers, and this might play an important role in electrical contact formation. As 

the resistance values are on totally different level compared to other wafers, it is suggested to 

be mostly due to contamination, and one cannot make conclusions about the effect of a 

smoother surface on contact resistance. However, the similarity of resistance values between 

rough and very rough wafers supports the previous result, that there is no correlation between 

roughness and resistance values. 

With a thick Pt layer, the resistance values are approximately half of the values for Ti, 

whereas thin Pt layer results in 3–4 times higher resistance values than thick Pt. In terms of 

resistance values in unsintered condition, thick platinum would act best as the first contact 
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metal, and a significant improvement would be gained compared to titanium. This follows the 

theory that a lower Schottky barrier gives rise to a better electrical contact between metal and 

p-type silicon. Resistance values were measured again after different sintering treatments and 

can be found in tables C-1–C-3 in appendix C. Figures 29–31 clarify the dependence of 

resistance values on the sintering temperature and time. 

0

10

20

30

40

50

60

70

80

Before HT 6 @ 400 6 @ 450 12 @ 450 24 @ 450 6 @ 500 6 @ 550 6 @ 600 6 @ 650

Pad-to-pad 
resistance [Ω]

Sintering

Wafer 1

Wafer 2 or 3

Wafer 4

 
Figure 29. Average resistance values for 225 nm Ti as a function of sintering treatment. 6 @ 400 

means a sintering treatment of 6 minutes at 400 °C. 

 
For Ti samples, resistance values remain about the same in 6 minutes sintering at 400–450 

°C. As an exception, the smooth wafer experiences a significant improvement at 450 °C. 

Temperatures above 450 °C as well as lengthening the sintering at 450 °C deteriorate the 

contact due to Ti oxidation. Sintering at 550–600 °C gives a better resistance than 500 °C, 

presumably because of titanium silicide formation, but the resistance values rise steeply at 

650 °C due to more extensive oxidation. In practise, usable treatments for titanium with MFI's 

equipment are short sinterings at 400–450 °C, at higher temperatures the oxide formation 

eliminates the benefits gained by titanium silicidation. Achieving a low-resistance contact 

would necessitate a sintering ambient free of oxygen as well as high temperatures. 
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Figure 30. Average resistance values for 225 nm Pt as a function of sintering treatment. 

 

The superiority of thick platinum becomes even more evident after sintering. Sintering 24 

minutes at 275 °C or 6 minutes at 300 °C drops the resistance to a fraction of the initial value; 

close to 1 Ω. Increasing the sintering time seems to further reduce the resistance values 

slightly in most of the cases. Uniformity of the resistance values was excellent for all of the 

samples. The lowest resistance values were consistently observed for the smooth wafer, and 

very rough wafer had slightly higher resistance than rough wafers, suggesting that Pt-Si 

mixing at the interface is easier for smooth surfaces, therefore inducing an improved electrical 

contact. However, the differences caused by surface roughness are not considerable. Sintering 

temperatures of 300–450 °C do not produce any significant difference in terms of resistance 

values, so the temperature could be kept close to 300 °C to achieve a low resistance. 
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Figure 31. Average resistance values for 30 nm Pt as a function of sintering treatment. 
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For 30 nm Pt on silicon, sintering of 6 minutes at all of the tested temperatures decreased the 

resistance below 10 Ω. On the other hand, 24 minutes of sintering resulted in higher 

resistances at some of the temperatures. This is an unexpected behaviour, since platinum is 

not readily oxidized, and therefore the electrical contact should be improved as the sintering 

time is increased and the silicide reaction becomes more extensive. Because there are also 

low resistance values involved in the results of longer sintering, the high resistance values 

might arise from some unknown issue. In general, the resistance values of thin platinum acted 

very irregularly, and no distinct connection can be observed between sintering temperature 

and resistance values. Furthermore, the mutual ranking of smooth, rough and very rough 

wafers alternated randomly. 

Adhesion testing was performed for all of the wafers before sintering and all of the samples 

after sintering. All of the Ti layers and 30 nm Pt layers passed the adhesion test in unsintered 

condition and after different sintering treatments. Adhesion of 225 nm platinum was not as 

good, since all of the Pt layers failed the tape test after evaporation. Sintering of the samples 

clearly improved the adhesion, and 6 minutes at 375 °C or higher made the adhesion good 

enough to tolerate the tape test. No differences in adhesion could be distinguished for 

different surface roughnesses. The result for thick platinum indicates that although low 

resistance values could be achieved near 300 °C, a higher temperature might be required to 

achieve an adequate adhesion. Also it is evident, that the adhesion depends on the thickness 

of Pt layer. 

Further information on the silicidation of the metals was gathered by EDX measurements. In 

table 13, an estimate and actual value for the acceleration voltage is reported for all of the 

metal layers before sintering. Actual values received by iteration were close to the ones 

suggested by the Casino simulation (an example in figure 32). Some small differences in the 

acceleration voltage between different roughnesses can be seen, indicating that mixing at the 

metal-silicon interface depends on the quality of the silicon surface. However, the dependence 

on surface roughness is different for Ti and thick Pt than thin Pt, so the differences might be 

caused actually by for example thickness non-uniformity. Typical results for EDX analysis 

can be seen in figure 33 and table 14, and more simulation results are gathered in appendix D. 

Table 13. Estimates and actual values for the acceleration voltage required for Si peak. 

 

Metal Ti 225 nm Pt 225 nm Pt 30 nm 

Wafer # 1 2 & 3 4 5 6  & 7 8 9 10 & 11 12 

Measurement Acceleration voltage [keV] Acceleration voltage [keV] Acceleration voltage [keV] 

Estimate ~ 5.5 ~ 12.0 ~ 3.0 

Actual value 5.1 5.1 5.5 10.4 10.5 11.1 3.4 2.9 2.9 



 

59 

 

 

 

Figure 32. Simulation result for 225 nm Ti with 5.5 keV acceleration voltage. Red lines represent the 

backscattered electrons that find their way back to the sample surface and escape from the material. 

Blue trajectories stand for the electrons trapped in the structure, being the origin of X-ray generation. Si 

peaks can be seen in the EDX results if the electrons have enough energy to penetrate to the depths of 

silicon. 

 

 

Figure 33. Elemental peak diagram received by EDX analysis: wafer 2, acceleration voltage 5.1 keV. 

Y-axis shows the counts (number of X-rays) received by the detector and x-axis shows the energy 

level. 

 
Table 14. Mass distribution in the elemental analysis: wafer 2, acceleration voltage 5.0–5.1 keV. 

 

Acceleration voltage 5.0 keV 5.1 keV 

Element Wt-% Error Wt-% Error 

Ti 100 ± 5.28 98.54 ± 5.17 

Si -  - 1.46 ± 0.34 

Total 100 
 

100 
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Acceleration voltages required after different sintering treatments are presented in table 15. It 

is worth mentioning that in Ti and thin Pt samples the acceleration voltage reported here gave 

rise to a Si peak with an elemental mass proportion on the scale of 1–2 %, whereas the silicon 

mass share on thick Pt was below 0.1 %. This indicates, that the transition from metal to 

silicon is more sudden in titanium and thin platinum, whereas for thick platinum the metal-

silicon interface is not that steep likely because of Si diffusion over a long distance. Whether 

the EDX analysis can detect this small percentage reliably, is somewhat questionable. 

Table 15. Acceleration voltages required for Si peak after sintering treatment. 6 @ 275 means a 

sintering treatment of 6 minutes at 275 °C. 

 

Metal Ti 225 nm Pt 225 nm Pt 30 nm 

Wafer # 2 or 3 6 or 7 10 or 11 

Heat treatment Acceleration voltage [keV] 

6 @ 275   11.4 2.7 

24 @ 275   8.4 2.7 

6 @ 300   9.1 2.7 

6 @ 325   7.9 2.7 

6 @ 350   8.4 2.7 

24 @ 350   10.9 2.7 

6 @ 375   7.6 2.7 

6 @ 400 2.7 7.2 2.7 

6 @ 425   9.9 2.7 

6 @ 450 2.7 6.7 2.7 

24 @ 450 2.7 
  

6 @ 500 2.7 
  

6 @ 550 2.7 
  

6 @ 600 2.7 
  

6 @ 650 2.7 
  

24 @ 650 2.7 
  

 
For thick platinum, a moderately distinct descending trend for acceleration voltage as a 

function of increasing temperature can be detected. This can be explained by the thinning of 

pure Pt layer as the silicide formation advances, but most likely also by Si diffusion into 

platinum, which brings silicon closer to the surface. However, there are also measurement 

points involved that do not fit in the general trend. These are unlikely to be caused by some 

measurement-related issue, because all the measurements were performed using the same 

settings, and also it was verified that same results were received for the extraordinary values 

on a different day. More likely explanation is the natural thickness variation within the wafer 

or some factor causing alteration in the Pt-Si intermixing. 

According to the analysis, the acceleration voltage required for both Ti and 30 nm Pt was 

decreased to 2.7 keV, indicating that reactions have taken place in the metal-silicon interface. 
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This stands for silicon occurrence on the depth of ~ 25 nm from the pad surface in the case of  

platinum, and ~ 70 nm in the case of pure titanium (see figure D-3 in appendix D). The 

required acceleration voltage remains the same for all of the sintering treatments, implying 

that no further silicidation or noticeable Ti-Si intermixing occurred after 400 °C.  

Based on the results, none of the Pt samples contained any oxygen, as supposed. On the other 

hand, a substantial share of oxygen was found in all of the Ti samples, denoting that titanium 

oxide was formed. However, there is not any logic how the oxygen weight percentage (seen 

in table 16) is changed as a function of sintering temperature. Also the detected weight 

percentage changes quite a lot between some of the cases where acceleration voltage has been 

modified only for 0.1 keV at the same spot. This indicates that the reliability of the EDX 

analysis might be questionable. 

Table 16. Oxygen weight percentages for 225 nm Ti. 6 @ 400 means a sintering treatment of 6 

minutes at 400 °C. 

 

Acceleration voltage 2.6 keV 2.7 keV 

Heat treatment Wt-% Error Wt-% Error 

6 @ 400 42.45 ± 1.33 30.98 ± 1.08 

6 @ 450 26.24 ± 0.62 26.96 ± 0.62 

6 @ 500 47.89 ± 1.02 39.70 ± 0.47 

6 @ 550 26.35 ± 0.26 24.73 ± 0.29 

6 @ 600 33.38 ± 0.25 32.27 ± 0.24 

6 @ 650 38.91 ± 0.29 38.31 ± 0.30 

24 @ 650 45.55 ± 0.76 48.74 ± 0.71 

 
In the Dektak measurements, Ti pads became thicker as the sintering temperature increases 

and oxide is grown. Same acceleration voltage (2.7 keV) required throughout the increasing 

pad thickness suggests that oxide formation does not influence the penetration at all. The 

effect of oxide growth on the penetration depth is evaluated in figures D-4–D-6 in appendix 

D, where layers of TiO2 are introduced on top of titanium in the simulation. For 10 nm TiO2 

the penetration depth is about 80 nm, for 25 nm of TiO2 the penetration depth is about 90 nm, 

and for 50 nm TiO2 the penetration depth is about 120 nm. Thus, an introduction of an oxide 

layer does not really have an effect on the penetrated thickness of pure titanium. EDX 

analysis results suggest in fact that the Ti-Si interface moves further from the surface. For 

example, if the initial situation is 10 nm and the final situation is 50 nm of TiO2, most of the 

resulting 40 nm increment in thickness is consumed from Ti layer, but the penetration depth 

still increases for 40 nm, so some new pure Ti needs to be exposed near the Ti-Si interface. In 

practise, Ti-Si interface needs to move further from the surface in order for the EDX analysis 

to hold true. Other possible and more probable explanation is that 2.7 keV is some 

measurement-related threshold voltage. 
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Based on the results of this test series, the silicide reaction initiation temperatures could not 

be determined accurately. According to the EDX analysis of Pt samples, mixing at the Pt-Si 

interface started before 275 °C. For thick platinum, Dektak measurement suggested that 

silicide had certainly formed around 400 °C. In the case of titanium, oxide formation during 

sintering complicated the interpretation of the results, but based on the EDX results 

considerable Ti-Si mixing occurred at the interface before 400 °C. At 400 °C the pad 

thickness was not changed but the acceleration voltage was decreased, indicating that silicon 

had diffused towards the surface. According to the pad-to-pad resistance measurements, 

silicidation occurred around 550 °C, since the resistance values decreased from 500 °C where 

oxidation had deteriorated the electrical contact. 

The test series also offered more information on the effect of surface roughness. Before 

sintering, there was no noticeable difference in resistance values between rough and very 

rough wafers, and results for smooth wafers were presumably disturbed by a native oxide. 

Following the sintering treatment, resistance values of smooth wafers dropped on the level of 

rough and very rough wafers, and their mutual ranking in terms of resistance varied case-

specifically for Ti and thin Pt. For thick Pt, smooth wafer was the best and rough wafer was 

the second best in terms of resistance values. However, differences were not considerable, 

and based on these test results it makes no sense to modify the dicing parameters towards 

smoother surface.  

The most important result of the test series is that by utilizing Pt as a single metal, even a 

factor of 10 times smaller pad-to-pad resistance compared to Ti can be achieved. Also 

sintering temperature can be lowered from initial 450 °C. Attaining small resistance values 

with titanium is difficult, because oxide formation eliminates the advantages gained by 

silicide formation. Based on these aspects, replacing the first contact metal with platinum is 

worth considering. However, there seems to be a trade-off between resistance values and 

adhesion when different Pt thicknesses are utilized. For 225 nm Pt, resistance values were 

near 1 Ω but sintering around 375 °C was required for sufficient adhesion, whereas 30 nm Pt 

had 3–4 times higher resistance values but good adhesion already in unsintered condition. It is 

suggested, that resistance values can be maintained close to 1 Ω by introducing a layer 

substantially thinner than 225 nm, while achieving an improved adhesion. Another motivation 

for the reduced consumption is the price of valuable platinum. In the following test series, the 

resistance values and adhesion of Pt layers sintered in different conditions were studied in 

order to find the optimal layer properties and sintering temperature. 
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7.4 Optimization of Pt layer properties 

In the following experiment, wafers numbered from 13–17 were utilized. Results of the 

roughness measurements as an average of 3 measurements per wafer are shown in table 17. 

Table 17. Roughness measurements for wafers 13–17. 

 

Wafer # 13 14 15 16 17 

Measurement Roughness [nm]  

Average 114 ± 22 94 ± 5 104 ± 8 112 ± 5 90 ± 14 

 
The Rq roughness of the wafers ground with Grind 2 is on the range of 100 nm, which is 

considerably higher than with the corresponding process in the earlier batch. According to 

MFI's knowledge, the Rq roughness of fine ground wafers varies around 50–150 nm 

depending on the mesh value of the disc, so the roughness alteration is on a normal level. The 

roughness is in this case closer to the wafers ground with Grind 1 in the earlier batch, so 

comparison should be made with these wafers instead. One may already notice that the 

arrangement could not be kept similar to the previous experiment, which shows that a 

reference thickness 225 nm is necessary in order to compare the results of the two test series. 

Results of the thickness measurements performed after evaporation are shown in table 18. 

Table 18. Thickness measurement results by Dektak for wafers 13–17. 

 

Wafer # 13 14 15 16 17 

Target 50 nm 75 nm 100 nm 150 nm 225 nm 

Measurement Thickness [nm] 

1 52.3 75.8 99.2 143 213.1 

2 58.6 79.7 91.7 135.4 218.5 

3 48.6 76.2 103.3 154.1 228.6 

4 42.0 72.0 91.2 144.7 216.2 

5 49.6 78.2 90.2 146.9 214.2 

Average 50.4 ± 6.9 75.9 ± 3.1 96.4 ± 5.9 144.3 ± 7.7 219.1 ± 6.7 

Uniformity [%] 16.5 5.1 6.8 6.5 3.5 

 
Again, the deposited thicknesses were close to the target values. Thickness non-uniformity is 

high for the 50 nm sample at least partly due to very rough wafer surface complicating the 

Dektak measurement. Uniformity is improved when thickness increases, however, 75 nm 

layer has a relatively good uniformity and does not fit in the general trend. For thicker (≥ 100 

nm) layers there is also some noticeable geometric symmetry in the thickness values within 

the wafer, because clearly the largest thickness is found at measurement point 3, which was 

located near the flat of the wafer, the flat pointing up in the chamber. 
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Subsequently, tape tests and visual inspection were carried out for the evaporated wafers. 

Wafers with a Pt pad thickness of 100 nm or smaller passed the tape test, denoting that the 

adhesion was adequate already in the unsintered condition. 150 nm Pt pads came loose partly 

and 225 nm Pt pads peeled off entirely, indicating that the adhesion was not sufficient for 

thicker layers. Furthermore, there was some fault in the wafer 17, since almost half of the 

pads had flaked during deposition (figure 34 a) and ocularly normal looking pads turned out 

to be coarse in the optical microscope images (figure 34 b). For comparison, also a good pad 

is shown in figure 34 c. Darker areas, which seem to act as the origin of peeling of the pads, 

are directionally along the grains resulted from the grinding, but the origin of these defects is 

not known. Wafer 17 had the smallest average roughness, so at least the problem is not 

caused by the surface quality. Also it is not a question of contamination, because nothing 

unusual was found in an EDX analysis. Due to the unknown process issue deteriorating the 

pad quality or the adhesion between Pt and Si, the 225 nm case is not comparable with other 

samples, and comparison is made instead with wafer 5 of the previous arrangement.  

 

Figure 34. Optical microscope image of a) flaked pads (Pt 225 nm), b) pads with coarse dark areas (Pt 

225 nm) and c) normal looking pads (Pt 150 nm).  
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Figure 35. Pad-to-pad resistance values after different sintering treatments. Wafer 17 was not 

comparable and also there were some complications in wafer 16. Wafer 5 is involved as a reference. 
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Pad-to-pad resistance values measured before and after sintering are listed in table C-4 in 

appendix C, and the dependence of resistance values on the sintering temperature is illustrated 

in figure 35. Also the high resistance values found for 225 nm Pt show that there are 

complications either at the Pt-Si interface or the pad quality itself. In addition to the 225 nm 

samples also 150 nm samples behaved unexpectedly, since sintering treatment increased the 

resistance from the as-deposited value. This indicates that something has deteriorated the 

quality of electrical contact during deposition also in the 150 nm samples, although nothing 

unusual was found in visual inspection with optical microscope. Therefore also the results for 

150 nm samples were ignored in the evaluation of pad-to-pad resistances. 

Results for 50–100 nm Pt suggest that increasing the platinum thickness and sintering 

temperature gives rise to smaller resistance values, as supposed. However, only in the 100 nm 

samples the resistance values consistently decrease as a function of elevated sintering 

temperature. For all other thicknesses there is at least one measurement that clearly does not 

fit in the general descending trend. The resistance values of 100 nm samples were the best in 

this test series and near the values of the reference; less than 2 Ω was already achieved at 325 

°C. 75 nm Pt layer gets close to the results of 100 nm at 350 °C, but the behaviour as a 

function of temperature was otherwise more irregular. 

Finally, adhesion tests were performed for all of the samples after sintering treatments. As 

supposed, thinner 50–100 nm Pt samples passed the tape test after all of the sintering 

temperatures. 150 nm and 225 nm Pt pads did not survive the tape test after any of the 

sintering conditions. This promotes the theory that also 150 nm pads were of worse quality 

than normally, because in the previous test series the 225 nm pads passed the tape test at 375 

°C. According to the findings, a lower temperature should be needed for a thinner Pt pad. 

Even if the 150 nm and 225 nm Pt samples were of poor quality and disturbed the 

informational value of this test series, it does not change the fact that 100 nm platinum layer 

had all the desirable properties. Resistance values were the lowest of this experiment and 

acted regularly as a function of sintering temperature, and good adhesion was provided even 

without sintering. In addition, the consumption of platinum is reasonably small, and low 

sintering temperatures are enabled because no higher temperatures are needed to improve the 

adhesion. In the subsequent study of different metal stack structures utilizing platinum as the 

first contact metal, 100 nm is the most reasonable choice as the bottom Pt layer thickness. 

Depending at which point of the process sintering takes place, sintering temperature will be 

chosen between approximately 325–375 °C. According to the results of two previous test 

series, contact resistance can be slightly decreased when utilizing a higher temperature. 
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7.5 Comparing different Pt-based contact metal structures 

In the last test series, wafers numbered from 18–25 were utilized. Results of the roughness 

measurements as an average of 3 measurements per wafer can be seen in table 19. 

Table 19. Roughness measurements for wafers 18–25. 

 

Wafer # 18 19 20 21 22 23 24 25 

Measurement Rq roughness [nm] 

Average 160 ± 12 162 ± 7 155 ± 12 159 ± 11 145 ± 9 161 ± 10 157 ± 9 159 ± 5 

 
Now Rq roughness up to ~ 160 nm resulted, which is again much higher than the roughness 

produced earlier with Grind 2. In this test series the effect of surface roughness is not studied, 

but the wafer-to-wafer roughness variation needs to be reasonable in order to compare the 

different structures reliably. Roughness values are reported here just to show that they are on 

the same scale between wafers 18–25, but also to inform that there is considerable variation in 

the roughness results between different batches. 

In structures 6–8, the evaporation was conducted in two steps inspired by the results of [29], 

where an intermediate PtSi layer reduced the contact resistance between metal and silicon. 

Similar contact structure was also used successfully by Lepselter almost 50 years ago [55], 

however, the silicide was formed in temperatures as high as 600–700 °C. Although platinum 

silicidation supposedly takes place in structures 3–5 also, this arrangement ensures higher 

sintering temperature and thus more extensive PtSi layer formation. In the case of two 

separate evaporation steps, the alignment of second evaporation in line with the already 

deposited pads turned out to be rather difficult. Even small rotational movement of the 

shadow mask wafer will cause misalignment at the edges of the wafer, and the shadow mask 

is attached with somewhat loose mechanical clips. It is supposed, that the alignment is more 

easily repeatable for the elements in evaporation jigs, because they are placed in "pockets" 

and supported by the mask, keeping the elements fairly immobile. 

Pad-to-pad resistance measurement results for the final structures 1–8 are presented in table 

20. Results of the adhesion test before sintering and for the final structure are reported in table 

21. Optical microscope images of the final structures are presented in figure 36. 

Table 20. Pad-to-pad resistance measurement results for the structures 1–8 presented earlier. 

 

Wafer # 18 19 20 21 22 23 24 25 

Structure 1 (ref.) 2 3 4 5 6 7 8 

Measurement Pad-to-pad resistance [Ω] 

Average 1.39 ± 0.4 1.13 ± 0.4 4.9 ± 4.1 1.12 ± 0.3 0.67 ± 0.03 1.73 ± 0.4 0.71 ± 0.09 0.79 ± 0.15 
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Table 21. Results of the adhesion test for the structures 1–8. Fail* means that the adhesion was close to 

adequate as only small traces or occasional pads came loose, other failures were more severe. 

 

Structure 1 2 3 4 5 6 7 8 

Measurement Adhesion [pass/fail] 

Before HT pass pass fail fail fail 
  

 

Final pass pass fail fail* fail* fail fail fail 

 
 

 

 

 

 

Figure 36. Optical microscope images (2.5x) for structures 1–8. In structures 1 and 2, metal mixing at 

the peripheries of the pad can be detected. It can be seen that the alignment in structures 6–8 was not 

completely successful; pads shown here have the best alignment seen in the wafers. 
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By comparing pad-to-pad resistances of structures 1 and 2 as well as structures 7 and 8, it 

seems that thinning the intermediate Pt layer from 225 nm down to 125 nm does not have any 

significant effect in resistance values. Differences between the structures fit in the margin of 

error. Structures 1 and 2 both passed the adhesion test, whereas structures 3 and 4 failed the 

test, so the thickness of the intermediate Pt layer did not have a clear effect on the adhesion of 

the metal stack either. There was some metal mixing detected in both structures 1 and 2, but 

the amount of metal mixing was on the same level. Thus, these results do not bring any 

evidence on the superiority of the intermediate platinum layer thicknesses. 

It is evident that the metallurgical stability of Pt-based contacts is superior to Ti-based 

contacts, as no metal mixing could be detected. Only in structure 7 there was similar 

coarseness as earlier seen in wafer 17, but not as extensively. Structures 5, 7 and 8 are on 

their own level in terms of resistance values, even though smaller thermal budget was utilized 

compared to the reference. The results also indicate that increasing the sintering temperature 

decreases the resistance values, as suggested. In comparison with the resistance values of 

reference structure, structures 2 and 4 had an improvement that fits in the margin of error, and 

structure 6 had a deterioration that fits in the margin of error. Structure 3 (Pt/Au) can be 

excluded because of considerable increase in pad-to-pad resistance. However, the degradation 

cannot be attributed to the eutectic Au-Si reaction as the sintering was performed at a 

significantly lower temperature than the eutectic temperature. More likely this has to do with 

the absence of titanium, and it seems that titanium is highly important for the electrical 

contact in these structures. The importance of titanium as the diffusion barrier for silicon was 

clearly verified in the theoretical part, and Si diffusion into Pt-Au interface might be 

responsible for the electrical degradation. 

Adhesion test results for the Pt-based structures were not as encouraging as the resistance 

measurements, since all of the metallizations failed the test more or less clearly. From the Pt-

based structures the best adhesion was found for structures 4 and 5 since only occasional pads 

or small traces of metal were peeled. Good adhesion is required in the final application 

because of reliability issues, since poor adhesion means automatically that the metal pad is 

more easily scratched. Examination of the peeled pads showed that the problem in the 

adhesion lies between the first Pt layer and silicon, as silicon was always exposed at the areas 

where metals were peeled off. This resembles the situation in earlier test series, where 

increasing the Pt thickness deteriorated the adhesion, only in this case other metals have been 

piled up on top of 100 nm platinum. Again, it is suggested that increasing the sintering 

temperature might bring the adhesion on sufficient level. 
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In the tested structures, IBAD was utilized in all of the titanium layers, including the ones that 

were deposited on top of platinum. However, the reasoning behind this was faulty, and on 

second thought it would have been more reasonable to introduce IBAD always on the first 

layer deposited on silicon. It is suggested, that this could have improved the adhesion of Pt-

based structures especially in the unsintered condition. However, it is unlikely that utilization 

of IBAD would have changed the adhesion test results, because the effect of sintering at the 

interface is similar to the IBAD and mixing at the interface should take place in higher 

temperatures. Presumably IBAD is not necessary when depositing titanium on top of 

platinum, since titanium adheres well on different substrates. Another test applying IBAD 

only when depositing platinum on silicon would give more useful information on the 

achievable adhesion between Pt and Si. However, it needs to be remembered that IBAD 

utilization significantly affects the deposition rate and new calibrations for both Ti and Pt 

deposition would be required. 

Structure 2 with a thinner 125 Pt layer in the conventional Ti/Pt/Au passed the tape test, and 

although it brought small improvement to the resistance values, it does not remove the 

fundamental issue of poor contact stability. However, if no working solution can be achieved 

with Pt-based metallizations, structure 2 should be kept in mind, since it would be 

advantageous in terms of resistance values as well as platinum consumption. Even thinner 

intermediate Pt layers could be tested to prevent metal mixing, because according to the 

theoretical examinations, the diffusion barrier properties could be even improved with a 

thinner Pt layer. However, these observations arise from the stability of the pad structure, and 

the effect of decreasing Pt thickness on the actual resistance values was not specified. 

The kind of improvement (some fractions of Ω) achieved here in the contact resistance would 

be rather negligible in the ~ 30 Ω series resistance of the sensor. However, the benefit gained 

from the structures utilizing Pt as the first contact metal would be in the stability of the 

contact, not in the resistance values themselves. It was verified in the theoretical part that PtSi 

contacts have a stable contact resistance in long bakes, because platinum does not form any 

performance degrading oxide. Also in structures 4–5 and 7–8 there is platinum below and 

above titanium preventing the Ti oxidation. The lowest pad-to-pad resistance and variation 

(0.67 ± 0.03 Ω) was achieved by structure 5, and compared to the main competitors 

(structures 7 and 8), it also has a simple fabrication process and slightly improved adhesion. 

Therefore structure Pt/Ti/Pt/Au (100/225/125/125 nm) is the best candidate as the new pad 

metallization and will be taken into further examination. 

In Pt/Ti/Pt/Au structure, platinum has been added under the standard Ti/Pt/Au metallization 

to lower the Schottky barrier between the contact metal and p-type silicon. This clearly 
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improved the electrical contact compared to Ti/Pt/Au. The thickness of the first Pt layer was 

determined by the optimization of previous experiment, and the second Pt layer thickness was 

chosen so that platinum consumption remains constant. Since the diffusion barrier between 

gold and silicon is as thick as in the reference structure, usable thermal budget should be 

about the same. Flip side of the coin was a slightly insufficient adhesion with the sintering 

temperatures applied in this test series. As one of the main aspects of this test series was to 

keep the thermal budget low, sintering temperature 325 °C was decided for Pt/Ti/Pt/Au in 

structure 4 intentionally so that there was a large "safety factor" for the Si-Au eutectic 

reaction. Increasing the temperature to 400 °C in structure 5 improved the adhesion and 

contact resistance without metal mixing. This can be attributed to more extensive platinum 

silicidation and thus an improved mechanical and electrical contact at the Pt-Si interface. 

As the adhesion was almost adequate after sintering at 400 °C, it is supposed that even small 

modifications in the processing would result in a sufficient adhesion. As long as metal mixing 

is not detected, sintering temperature or time can be increased without worries. In addition to 

a slightly higher sintering temperature (~ 425–450 °C) or time, possible improvements 

include IBAD utilization during the first Pt deposition or thinner bottom Pt layer. According 

to the earlier test results there is an evident trade-off between adhesion and electrical 

performance of Pt layers, since a thinner layer improved adhesion but deteriorated the 

resistance values. For sufficient adhesion, the bottom Pt layer might need to be thinned down 

from 100 nm at the expense of contact resistance. However, the contact was evaporated on a 

surface with a roughness significantly higher than the dicing surface, which could have had a 

minor effect on adhesion. Therefore this structure should be tested on element level before 

making any time-consuming improvements to the process. 
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8 Summary and conclusions 

In this study, the fabrication of a stable low-resistance metal contact for MFI's 3-axis ultra-

low-noise capacitive accelerometer has been investigated. Starting point of the project was 

the poor yield caused by metal mixing and high series resistance, and therefore a demand for 

an improved fabrication process. Also it was acknowledged that the thermal window of 

sintering was very narrow because of trade-offs in metal mixing and resistance values. 

However, the poor yield was not the only driving force of the project, since an increasing 

series resistance deteriorates the device performance. Reliable operation of the sensor requires 

lossless electrical communication and therefore as small as possible series resistance is 

essential. Main goal of the survey was to generate a suggestion for a new improved contact 

fabrication process overcoming the current limitations, and meanwhile to produce 

information on the issues related to the contact fabrication. 

It was suggested that the contact formation in MFI's fabrication process depends on three 

areas: (1) dicing and the resulting surface quality, (2) phenomena at the metal-silicon 

interface during evaporation, and (3) phenomena at the contact interface during sintering. 

These three main processes of interest were specified more carefully, as a general 

introduction and a more detailed view of the technique used in MFI's production was given. 

For the rest of the process, a superficial presentation was made to highlight the structure of 

the finished element and the order of the process steps. Background for the introduction of a 

sintering step was specified, and also the problems arising from the current process were 

evaluated. The contact is clearly not stable enough without sintering, while sintering makes 

the series resistance stable over temperature but increases the actual resistance values and 

variation, and causes metal mixing at the peripheries of the pad. 

Initially two approaches for the development of the pad process were differentiated: (1) minor 

improvements that would make the situation sustainable but do not remove the fundamental 

problems of the process, (2) major improvements that would avoid the problems making the 

process so vulnerable. It soon became evident that the standard Ti/Pt/Au pad structure is far 

from optimal in terms of electrical contact formation, due to high Schottky barrier of Ti on p-

type silicon. In the pursuit of low-resistance titanium silicide, a high sintering temperature is 

needed, but oxidation of titanium deteriorates the performance and stability of the structure. A 

more reliable fabrication process for the current structure could be achieved by sintering in an 

oxygen-free atmosphere. This would require an introduction of a new furnace utilizing for 

example rapid thermal annealing (RTA), which would allow titanium silicidation more easily 

and give rise to a smaller contact resistance. 
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Other, more easily realizable development suggestions were also discussed and some were 

tested in practise. It was suggested, that there might be a connection between surface 

roughness resulting from dicing and contact resistance values, but this could not be verified in 

the experimental tests. Therefore it was not necessary to consider, whether the dicing quality 

should be made rougher or smoother. A good result was that the roughness variation is more 

reasonable at the pad surface than at the opposite dicing surface. It was also found out that the 

Ti/Pt/Au structure could be made more stable, if as thin as possible Pt layer was utilized while 

maintaining the barrier properties between Ti and Au. In the experimental part, a thinner (125 

nm) intermediate Pt layer resulted in ocularly the same level of metal mixing and slightly 

lower resistance values that fit in the margin of error. Further thinning the Pt layer to remove 

metal mixing could be a minor improvement to solve the problem if no workable final 

solution can be found by major improvements to the process. 

The suggested minor improvements do not, however, remove the fundamental problem of 

high Schottky barrier. Because overcoming the imperfections of the process would require 

new sintering equipment, modification of the contact structure was mainly studied. As the 

ohmic contact cannot be achieved with a more heavily doped semiconductor, the next best 

option is to present a contact metal owing as low a barrier height as possible. As an 

alternative for Ti-based contacts, platinum was presented thanks to a substantially lower 

silicidation temperature and significantly smaller barrier height to p-type silicon. It was found 

out that an introduction of an intermediate PtSi layer under a metal contact lowered the 

contact resistance, indicating that utilization of Pt as the bottom metal would be highly 

beneficial. Also the stability of platinum is superior to titanium, because platinum does not 

readily form an insulating oxide. The only problem regarding the use of platinum as the first 

contact metal is its poor adherence on silicon.  

In the experimental tests, platinum was shown to be a good alternative as the bottom metal. 

Four Pt-based contact metallizations were presented by the author, two of which were 

evaporated in a single step (Pt/Ti/Pt/Au and Pt/Au) and favoured because of their simplicity. 

The other two structures utilizing an intermediate PtSi layer (PtSi + Ti/Pt/Au and PtSi + 

Pt/Au) were evaporated in two steps and sintered in between, which caused some process 

practicality issues due to difficult second mask alignment. From the structures that were 

tested, Pt/Ti/Pt/Au (100/225/125/125 nm) was the most promising and therefore suggested by 

the author as a new contact structure for MFI's 3-axis ultra-low-noise accelerometer. 

Compared to Ti/Pt/Au, the advantages of this structure include excellent contact resistance 

and good thermal stability with no metal mixing. Also the fabrication process remains simple 

and platinum consumption is moderate. The only problem restricting the straightforward 

introduction into production is the slightly inadequate adhesion to silicon with the utilized 
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parameters and sintering temperature of 400 °C. Therefore the structure should be tested on 

element level with slightly higher temperatures. 

No final solution could be produced to the problem, and in that sense the project did not meet 

the initial objective. However, the company gained a wide amount of important information 

on the variations of the fabrication process. The study enlightened for example the 

fundamental problems of Ti/Pt/Au metal stack, behaviour of different metals in sintering 

treatments, factors influencing the contact resistance and adhesion of different metals. Also 

the solution presented by the author was very close to succeeding, and presumably small 

modifications to the process will fix the situation. If the solution becomes functional, it would 

induce fewer rejections caused by metal mixing and series resistance, and thus a significant 

financial benefit to MFI. A working Pt-based metallization would not only improve the series 

resistance of the element, but also remove the trade-off between metal mixing and resistance 

values, as the stability would be highly improved. This would give rise to a much healthier 

situation, as the thermal window would be broadened and the process would not be as 

vulnerable to variations. Improved performance of the sensor would also reinforce the market 

position of the company as the supplier of these devices. 
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9 Future actions 

The Pt/Ti/Pt/Au (100/225/125/125 nm) structure suggested here as the new contact 

metallization had a slightly inadequate adhesion, so it needs to be further examined before 

possible introduction to production. It is suggested by the author, that the structure in question 

is evaporated on one wafer of elements utilizing IBAD during the first Pt deposition. The 

elements divided into 3 sintering jigs are evaluated after sintering at 400 °C, 425 °C and 450 

°C. No advantages in the thermal budget can be achieved with the latter sintering temperature, 

but good adhesion is a deal breaker and more essential. Elements with the new contact 

structure would undergo the standard AVI inspection and probing, so their results will inform 

about the metal mixing issues and resistance values, but adhesion tests need to be conducted 

manually. If the adhesion problem is not solved by IBAD utilization and higher temperature, 

some other compromises should be made by for example thinning the bottom Pt layer. It 

needs to be remembered that in the semiconductor industry Ti/Pt/Au is favoured instead of Pt-

based contacts. Even if platinum had better electrical contact properties, its adhesion just 

might not be good enough. However, in an application that has very high requirements for the 

contact resistance, all possible effort should be made to get the adhesion on an adequate level. 

If optimal parameters for the pad process of Pt/Ti/Pt/Au are found, stability tests need to be 

conducted for the elements utilizing this structure. In the feasibility phase of a new process, 

the sensor needs to overcome some standardized endurance tests such as long bakes in low 

temperature as well as fast temperature cycles. It is supposed that the stability of the presented 

contact structure is superior to the Ti-based structure, because platinum is not oxidized and 

there is a small risk of Ti oxidation, since it is covered by Pt on both sides. In the theoretical 

part, the thermal stability of contact resistance for PtSi on silicon was shown to be excellent. 

Other future research topics can be considered if no workable solution can be found, or even 

if the presented structure works perfectly to get more information on the process and the 

behaviour of metals. These are process development ideas that got less attention in the 

experimental part due to limited time and resources, but could be interesting for the project. If 

the presented Pt-based structure fails, perhaps the most intriguing solution for the problem 

would be optimizing the platinum layer thickness between Ti and Au, to maximize the 

contact stability. Minor development ideas, such as modifying the evaporation parameters 

(premill power and time, IBAD power) were not tested in practise, but these are definitely 

worth examination in the future. Since the quality of the metal-silicon interface does not only 

depend on dicing, but also the ion bombardment during both premill and IBAD, their effect 

on contact resistance should be studied. 
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Premill is an important step prior to both Ti and Pt deposition but for different reasons. In 

both cases it could be beneficial to customize the premill power or time to make it more 

effective. Platinum is non-reactive with oxygen, and therefore the surface needs to be cleaned 

from native oxide to ensure at least tolerable adhesion. Again, titanium easily reacts with 

oxygen to form an insulating oxide and complicate the silicidation, as discussed in the 

theoretical part. Even oxides of a few monolayers impede the contact formation between 

silicon and titanium. Because there is no accurate information on the amount of the ejected 

material, characterization of the premill step should be done first. This could be done by 

patterning a SiO2 layer and measuring its thickness before and after the premill step. As the 

measurement accuracy might not be sufficient, an electrical measurement could be more 

reliable. Sheet resistance only depends on the resistivity and thickness of the film [11], so the 

removed layer thickness can be calculated from four-point probe measurement results before 

and after premill. 

Whether the IBAD utilization during deposition affects the electrical contact formation, could 

also be studied. It would presumably be advantageous to increase the IBAD power at the 

initiation of the deposition, since thus the evaporated atoms would find energetically more 

favourable sites on the surface. The same effect can more easily be achieved by lowering the 

deposition rate, since the same ion energy would be divided for a smaller amount of deposited 

atoms. Deposition rate could thus be lowered at the start of the evaporation, and ramped up to 

the standard value after couple of nanometers. In the case of Pt-based metallizations, where 

poor adhesion is an issue, introduction of IBAD might give rise to a more durable mechanical 

contact. Studying the effect of IBAD on adhesion between metal and silicon would be simple, 

and presumably the utilization of IBAD could make a big difference in the adhesion. 
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Appendix A: Useful tables 
 

Table A-1. Schottky barrier heights ΦBn [V] measured at 300 K for different n-type substrates [31].  

 

 

Table A-2. Schottky barrier heights ΦBn [V] for metal silicides on n-type silicon. Also suggestive 

formation temperatures have been given. [31] 
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Table A-3. Properties of different metal silicides [56].  
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Appendix B: Surface roughness measurements 
 

 

 

Figure B-1. Confocal microscope images of corresponding surfaces A (upper image) and B (lower 

image). Figures are mirror images in the sense that for a certain spot at surface A a counterpart can be 

found at surface B from the same point. U = upper capping wafer, S = structural wafer and L = lower 

capping wafer. Roughness measurements were conducted at the axis indicated by the dash lines. L-

wafer was on the tape frame and dicing advanced from left to right.  

 

 

 

Figure B-2. For comparison, surfaces A (upper image) and B (lower image) selected randomly from 

the same wafer. 

 

 

Figure B-3. An extremely rough zone, only a few areas with this kind of roughness were found on the 

wafer. For this area, Rq ≈ 100 nm. 
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Figure B-4. The roughest area found in the roughness measurements, Rq ≈ 134 nm. 

 

 

 

             

Figure B-5. The second roughest area found in the roughness measurements, Rq ≈ 127 nm. 
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Appendix C: Pad-to-pad resistance measurement results 

 
Table C-1. Pad-to-pad resistance values for 225 nm Ti after different sintering treatments. 

 

Metal Ti 225 nm 

Wafer # 1 2 or 3 4 

Measurement Pad-to-pad resistance [Ω] 

6 @ 400   12.3 ± 1.6   

6 @ 450 12.3 ± 3.0 16.0 ± 9.1 8.1 ± 2.8 

12 @ 450   40.1 ± 18   

24 @ 450 37.7 ± 24 46.5 ± 25 66.5 ± 19 

6 @ 500   32.4 ± 13   

6 @ 550   18.2 ± 6.6   

6 @ 600   18.4 ± 8.4   

6 @ 650 1060 ± 999 181 ± 268 137 ± 72 

24 @ 650 > MΩ > MΩ > MΩ 

 
Table C-2. Pad-to-pad resistance values for 225 nm Pt after different sintering treatments. 

 

Metal Pt 225 nm 

Wafer # 5 6 or 7 8 

Measurement Pad-to-pad resistance [Ω] 

6 @ 275   3.3 ± 1.2   

24 @ 275   1.46 ± 0.19   

6 @ 300 1.64 ± 0.16 1.53 ± 0.09 1.15 ± 0.05 

24 @ 300   1.19 ± 0.06   

6 @ 325 1.32 ± 0.07 1.23 ± 0.10 1.05 ± 0.05 

24 @ 325   1.16 ± 0.09   

6 @ 350 1.53 ± 0.13 1.23 ± 0.05 1.14 ± 0.07 

24 @ 350 1.17 ± 0.09 1.21 ± 0.06 1.01 ± 0.06 

6 @ 375 1.33 ± 0.12 1.15 ± 0.07 1.03 ± 0.04 

24 @ 375   1.14 ± 0.06   

6 @ 400 1.17 ± 0.06 1.13 ± 0.09 0.99 ± 0.03 

24 @ 400   1.20 ± 0.07   

6 @ 425   1.14 ± 0.07   

6 @ 450   1.17 ± 0.07   
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Table C-3. Pad-to-pad resistance values for 30 nm Pt after different sintering treatments. 

 

Metal Pt 30 nm 

Wafer # 9 10 or 11 12 

Measurement Pad-to-pad resistance [Ω] 

6 @ 275   5.6 ± 0.4   

24 @ 275   6.3 ± 1.7   

6 @ 300 6.1 ± 1.7 9.8 ± 1.4 9.1 ± 2.5 

24 @ 300   3.9 ± 0.8   

6 @ 325 4.8 ± 0.8 6.3 ± 1.1 3.4 ± 1.1 

24 @ 325   12.6 ± 1.6   

6 @ 350 3.7 ± 0.4 9.6 ± 1.7 6.7 ± 0.8 

24 @ 350 8.4 ± 3.8 37.1 ± 11 8.6 ± 2.6 

6 @ 375 4.4 ± 1.0 4.1 ± 0.8 3.0 ± 0.3 

24 @ 375   6.1 ± 1.5   

6 @ 400 5.1 ± 1.1 3.6 ± 0.5 4.2 ± 1.1 

24 @ 400   59.9 ± 19   

6 @ 425   5.8 ± 1.1   

6 @ 450   5.4 ± 1.1   

 
Table C-4. Pad-to-pad resistance values for wafers 13–17 after different sintering treatments, results 

for wafer 5 are involved as a reference. 

 

Wafer # 13 14 15 16 17 5 (ref.) 

Target 50 nm 75 nm 100 nm 150 nm 225 nm 225 nm 

Measurement Pad-to-pad resistance [Ω] 

Before HT 9.7 ± 1.2 7.5 ± 0.5 6.8 ± 0.5 8.8 ± 0.8 11 ± 1.2 5.5 ± 0.7 

6 @ 275 4.3 ± 0.9 6.3 ± 1.5 2.4 ± 0.4 10 ± 2.4 39 ± 11   

6 @ 300 5.7 ± 1.6 3.0 ± 0.7 2.4 ± 0.5 6.2 ± 1.2 32 ± 11 1.64 ± 0.2 

6 @ 325 3.2 ± 0.6 5.8 ± 0.9 1.78 ± 0.3 3.8 ± 1.2 35 ± 11 1.32 ± 0.1 

6 @ 350 2.6 ± 0.4 1.75 ± 0.2 1.82 ± 0.3 6.0 ± 2.3 29 ± 9 1.53 ± 0.1 

6 @ 375 2.1 ± 0.2 1.62 ± 0.2 1.51 ± 0.2 1.8 ± 0.3 25 ± 9 1.33 ± 0.1 
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Appendix D: Casino simulation results 

 

 
 

Figure D-1. Simulation result for 225 nm Pt with 12.0 keV acceleration voltage. 

 

 
 

Figure D-2. Simulation result for 30 nm Pt with 3.0 keV acceleration voltage. 
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Figure D-3. Simulation result for Ti film with 2.7 keV acceleration voltage. 

 

 
 

Figure D-4. Penetration depth for a bilayer of 10 nm TiO2 and Ti with 2.7 keV acceleration voltage.  
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Figure D-5. Penetration depth for a bilayer of 25 nm TiO2 and Ti with 2.7 keV acceleration voltage.  

 

 
 

Figure D-6. Penetration depth for a bilayer of 50 nm TiO2 and Ti with 2.7 keV acceleration voltage.  

 


