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ABSTRACT 
 

In this section on ion implantation, one of the most famous doping techniques, 

information associated with both theoretical and experimental aspects will be provided. 

For the former aspects, we address the basic equipment anatomy associated with the 

major parts of the ion implanter, the tools related with ion implantation other than the 

implanter, and the applications of ion implantation. For the latter, experimental sources 

are provided and we take a closer look into the physics of ion implantation and criteria 

for process control.  

The experimental resources have been obtained from the periodic semiconductor 

process studies held for graduate students and field engineers at the Inter-university 

Semiconductor Research Center (ISRC) of Seoul National University, Seoul, Korea. 

These have been conducted for more than 10 years and are still being conducted today. 

The ion implanter and the other process tools installed in the ISRC have been used 

throughout the chapter. 

 

 

INTRODUCTION 
 

One of the most attractive properties of semiconductor materials is that their conductivity 

can be controlled as needed. Semiconductor materials frequently requested for device 

fabrication, such as silicon, germanium, and even compound semiconductor materials with 

two or more atomic species, are doped with n-type or p-type dopants in the integrated circuit 

(IC) fabrication. There are two classical methods to dope semiconductors, diffusion and ion 

implantation, and other techniques have been incessantly developed for nanoscale device 

fabrication.  
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Ion implantation is still the dominant technique in the IC fabrication, through which it 

can be distinguished as one of the core process in modern very large scale integration (VLSI) 

technologies.  

Ion implantation is a process by which dopant atoms, in the form of an energetic ion 

beam injection, are added in the semiconductor. The dopants are accelerated by an electric 

field and thrown into the target in the form of ionized atoms or molecules.  

Adding ions changes the electrical properties in the local area on a semiconductor wafer 

or piece. The properties are closely related with the conductivity (equivalently resistivity) of 

the material in that region or threshold voltage (Vth) when it comes to complementary metal-

oxide-semiconductor (CMOS) devices. Therefore, it can be said that ion implantation is the 

key to control the electrical characteristics in ICs as the engineers design.  

 

 

1. BRIEF HISTORY 
 

Although the concept of doping by ion implantation to change semiconductor 

conductivity was disclosed in the original 1954 patent by Shockley, doping was mostly 

conducted by the diffusion process in high-temperature furnaces before the mid-1970s. 

Before ion implantation became very popular, solid-source diffusion and gas-source doping 

were the preferred doping methods.  

In solid-source diffusion, the silicon (Si) surface is first coated with a thin film (of a SiGe 

alloy or silicon dioxide, for example) containing dopants either as deposited or due to 

subsequent implantations of dopants into this film (and leave the damage in it). Dopants are 

diffused into Si and the doping film may be removed by wet etching.  

In practice, gas-source doping is used to dope Si with phosphorus (P) only. There are no 

convenient gas sources for arsenic (As) or boron (B). It is carried out in a furnace similar to 

that used for oxidation. The N2 carrier gas would pass through a bubbler containing 

phosphorus oxychloride (POCl3, often pronounced “pockle”) that is a liquid at room 

temperature.  

The N2 carries the vapor of the source into the furnace tube. The reaction with Si or other 

gases liberates phosphorus atoms which diffuse into Si. Following the doping step, a high-

temperature drive-in process diffuses the dopant atoms into the substrate to the depth required 

by the device design, which usually accompanies an additional oxidation process to prevent 

an out-diffusion of the impurities already doped into the substrate. After all these processes, 

the passivation oxide layer is stripped by a wet etch process, known as a deglaze. Pockle gas-

source doping is still in use for some cases, such as doping the gate of CMOS devices, which 

needs minimized surface damage to maintain a high quality of gate material for better direct-

current (DC) and radio-frequency (RF) device performances.  

The most critical issue in the diffusion process is the gate alignment, which posed a great 

challenge when the feature size began to shrink. The application of ion implantation solved 

the gate alignment problem by using the so-called self-aligned source/drain (S/D) doping 

process. In this case, the gate oxide is grown and polycrystalline silicon (shortly polysilicon 

in usual) is deposited, patterned, and etched.  

After photoresist (PR) stripping, a high-current ion implantation is used to form the S/D 

junctions. Since the polysilicon gate structure and field oxide block the ions, the source and 
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drain are always aligned with the polysilicon gate. Some of the terminologies used here can 

be unfamiliar to some readers not participating in electrical engineering, but ion implantation 

is easily explained without them and they will be clearer in the later sections, although 

detailed explanations on the operation of a metal-oxide-semiconductor field-effect transistor 

(MOSFET) device and its physics will not be made.  

The first true commercial ion implanters were manufactured in the early 1970s. These 

early implanters were typically capable of producing a few microamperes of beam current 

with energies of up to 200 keV. In 1978, the first true high-current ion implanter was 

introduced.  

It was capable of producing 10 mA of beam current at energies up to 80 keV. Complex 

implanted dopant structures are required for modern integrated circuits.  

For example, deep buried layers for device isolation can extend to depths of 

approximately 1 μm, necessitating the use of MeV-implantation, whereas MOSFET S/D 

extension implants require only sub-keV energies and halo implants require implantation into 

tilted wafers. This broad diversity of demands has driven the continuous evolution of ion 

implanters.  

 

 

2. ION IMPLANTATION EQUIPMENT 
 

2.1. Overview  
 

Ion implantation equipment, the ion implanter, is usually a very large piece of equipment, 

most probably the largest process equipment that can be found in the semiconductor 

fabrication facility. It has several subsystems, including an ion source, mass analyzer, 

acceleration tube, scanners, load-lock chamber for the end station, and a couple of vacuum 

systems. An ion implanter is shown schematically in Figure 1. A gas containing the desired 

impurity is ionized within the source and is then extracted into a mass analyzer to ensure that 

only the desired ion species enter the drift tube. After the mass separation, the ions are passed 

to an acceleration tube where the desired kinetic energy is obtained. In many ion implanters 

the mass analyzer occurs before the ions are accelerated to high energy as in the case in 

Figure 1, but the positions of two parts are exchanged in some ion implanters. The ion beam 

is then focused and scanned electrostatically over the surface of the wafer in the target 

chamber. Repetitive scanning in a raster pattern provides an exceptionally uniform doping of 

the wafer surface. The target chamber commonly includes automatic wafer-handling facilities 

to speed up the process of implanting many wafers per unit of time.  

 

 

2.2. Ion Source 
 

Dopant ions are generated in an ion source through the ionization discharge of atoms or 

molecules of a dopant vapor or a gaseous dopant chemical compound. A hot-filament ion 

source is the most commonly used ion source.  
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Figure 1. Schematic of an ion implanter (Arsenic gas has been taken as an example). 

In this kind of ion source, large electrical currents from the filament power supply heat 

the tungsten filament and causes thermal electron emission from the red-hot filament surface. 

The thermal electrons are accelerated by the arc power supply with high enough voltage to 

dissociate and ionize the dopant gas molecules and dopant atoms.  

Great demand is placed on the ion source because, unlike most other accelerators where 

the ion source is required to produce only a single ion species, the ion implanter requires an 

ion source capable of the contamination-free, on-demand production of a variety of different 

species. The difficulty of this task has historically limited the suitable source types to one 

called Freeman and Bernas, and the latter is the one that is currently prevalent .  

 

 

2.3. Mass Analyzer  
 

In almost every ion implanter, a mass analyzer is applied to precisely select the desired 

ion species and filter out unwanted ion species. In a magnetic field, charged particles rotate 

by the magnetic force, which is always perpendicular to the direction of the charged parties.  

For the fixed magnetic field strength and ion energy, the gyroradius is related only to the 

mass/charge ratio, or simply m/q, of the charged particle. The mass analyzer passes the 

wanted atoms at high precision based on this principle.  

The magnetic force on a beam of moving ions is given by the following vector equation, 

the Lorentz’ equation, when the electric field is ignored: 
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Figure 2. Schematic view of the mass analyzer of an ion implanter. 

 

F = q v × B                 (1) 

 

where F is the magnetic force, q the charge on the ion, v is the velocity vector, and B the 

magnetic field vector. Thus, F is represented by a scalar of the cross product between v and B, 

by which the direction of the magnetic force is also determined. As shown in an exemplary 

situation in Figure 2, given that a positive charge is moving upward and the magnetic field 

points outward from the figure surface, the vector operation directs the resulting magnetic 

force rightward. The magnetic force is mutually perpendicular to the velocity and magnetic 

field directions which would tend to force the ion into a circular orbit, the radius of which is 

determined by equality between the centripetal magnetic force and the inertial centrifugal 

force (in terms of only the vector magnitudes): 

 
2mv

qvB
R

                  (2) 

 

where R is the radius of curvatures of the ion trajectory. In addition, the ion velocity is related 

to the energy imparted by the extraction potential by the equation below:  

 

                  (3) 
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Therefore, according to Equations (2) and (3), the radius of the ion trajectory is uniquely 

determined by the ion charge, mass, energy, and magnetic field intensity. A resolving slit at 

the exit of the analyzing magnet will block all species except those having the proper 

trajectory radius R for a given magnetic field intensity B. The product, RB, called the 

magnetic rigidity, quantitatively defines these trajectory requirements and may be derived 

from two equations above:  

 

 

or equivalently,              (4) 

 

where V is the potential difference that accelerates the charge, previously shown in Figure 1. 

Before the ions enter the analyzer, their energy is determined by the potential difference 

between the ion source and the extraction electrode, which normally is set at about 50 kV. 

The energy of the single charged ions after the extraction is 50 keV. Knowing the ion m/q 

ratio and ion energy, an on-board computer can calculate the required magnet-field strength 

for the ion trajectory passing through the narrow slit. Adjusting the current in the magnet coils 

enables the mass analyzer to precisely select the desired dopant ions. In practice, the magnetic 

field generated by the mass-resolving magnet is adjusted until the desired ion species travels 

along that trajectory radius that allows its transport through the mass-resolving slit. A detector 

placed at the site of the resolving slit would then typically show an ion distribution that has a 

Gaussian-like profile, having a peak at the radius position R, corresponding to an ion mass M 

and some half-width, equivalent to a mass range ΔM. Within the limits of M and ΔM, the 

mass resolving slit serves to block the transport of all ion beams except the beam of the 

desired specie which is allowed to pass and travel onto the wafer implantation site.  

 

 

2.4. Acceleration Tube 
 

After the analyzer selects the correct ion specie, the ions go into the acceleration tube, 

where the beam current and the final ion energy are controlled. In some textbooks, this “real” 

acceleration process is termed as “postacceleration” to be distinguished from the acceleration 

that occurred between the ion source and the extraction electrode before the mass analyzer. 

The ion beam current is controlled by a pair of adjustable vanes and the ion energy by 

acceleration electrode potential. Ion beam focus and beam shape are also controlled in this 

part by the defining apertures and electrodes.  

The high-energy ion implanters mainly used in the well and buried layer implantation 

process in CMOS technology requires several high-voltage acceleration electrodes connected 

in series along the beam line to accelerate ions to several MeV energy levels. So that ion 

implanters could be used for ultrashallow junction implantation, especially for the p-type with 

boron implantation, the electrode in acceleration is connected in a reversed way such that the 

ion beam is decelerated instead of accelerated when passing the electrode. A pure ion beam 

with energy as low as 0.5 keV can be generated in this manner.  

2
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2.5. Beam Scanner and Wafer Handler 
 

The beam scanning system provides the methods for uniformly spreading the desired ion 

species over the entire surface of the target wafer. Scanning may involve moving the beam 

relative to the wafer, or moving the wafer relative to the beam, or moving both of them in 

combination. As may be expected, all these techniques can result in a variation of the 

incidence angle of the beam on the wafer. For a nanoscale device, even a small angle 

variation can cause undesirable device variability. Consequently, most modern implanters 

also provide some ways of beam angle control incorporated into the scanning system.  

Low-perveance beams, such as those present in medium-current ion implanters, may be 

scanned by passing the beam between a pair of electrodes that are electrically activated by a 

scanning generator. The generator imposes a high frequency alternating potential to the 

electrodes which causes beam deflections. Some attempts have been made to use alternating 

magnetic dipole fields to scan high-perveance beams. The large inductive load of such a 

scanner limits the fast scan frequency to approximately 150-200 Hz, which could lead to 

implant dose micro-non-uniformities (striping) for low-dose implants where the number of 

beams passing over the wafer is few.  

 

 

Figure 3. Schematic of the beam scanner. 

Combined with the functions of the beam scanner, the most important duty of the wafer 

handler is to achieve uniform implantation profiles across the wafer. The diameter of the ion 

beam is about 25 mm (~1”). It needs to move either the ion beam or wafer, or, for some 

implanters, both, to scan the ion beam uniformly across the wafer, which has a diameter up to 

300 mm. The spin-wheel system spins at a high rate. When a wafer passes through the ion 

beam, ions are implanted into part of the wafer, in the form of an arch band with the width of 

the ion beam diameter. The center of the wheel swings back and forth, which allows the ion 

beam to scan uniformly across the whole of each wafer on the spin-wheel. The spin-disk is 

similar to the spin-wheel, the difference being that instead of swinging the whole disk, it 

scans the ion beam to achieve uniform ion implantation across the wafer.  

Another kind of wafer-handling system of ion implanters is shown in Figure 3. It 

combines ion beam scanning and wafer movement. Varying the applied bias potential 

between the scanning electrodes enables the ion beam to scan back and forth on the x-axis, 
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while the wafer can be uniformly implanted in this way. This kind of scanning technique can 

be used in a single-wafer implantation system. 

 

 

2.6. Charge Neutralization System 
 

When ions are implanted into the Si substrate, they carry a positive charge to the wafer 

surface. Making the atoms ionized is essential in ion implantation systems since they can be 

sorted and controlled in ion states by a mass analyzer and accelerator, respectively. However, 

if the positive charge accumulates in the substrate, it could cause a wafer-charging effect. The 

positively charged wafer surface tends to expel positive ions, which could cause a so-called 

beam blowup and non-uniform ion implantation, resulting in a non-uniform dopant 

distribution across the wafer. Even worse, when the surface charge concentration is too high, 

the charge-induced electric field could be high enough to break down the thin-gate oxide 

layer and significantly affect the IC chip yield. When accumulated positive charges rise to a 

certain level, they could discharge in the form of arcing, and the arcing spark could cause 

severe defects on the wafer surface.  

To address the wafer-charging problem, large amounts of negatively charged electrons 

are needed to neutralize positive ions on the wafer surface. There are several approaches to 

wafer neutralization, and one of the methods was schematically shown in Figure 1, where the 

electrons are supplied directly to the backside of the wafer.  

 

 

3. APPLICATIONS OF ION IMPLANTATION 
 

Pure crystalline (single-crystal) Si rarely exists in nature and thus it is made artificially. 

Man-made crystalline Si has a very high resistivity. Si is in the group IV column on the 

periodic table, and the conductivity of crystalline Si can be controlled by adding dopants such 

as boron (B), indium (In), phosphorus (P), arsenic (As), or antimony (Sb). For an n-type 

(electron donor) doping process with atoms from the group V column, P is a light dopant and 

As and Sb are heavy dopants. For p-type (electron acceptor) doping with group-III species, B 

is a light dopant, and a heavier molecule, BF2
+
, is doped for easy ion extraction with higher 

energy. 

 

 

3.1. Source/Drain Implantations 
 

Source/Drain (S/D) implants are used to form highly doped (>10
20

 cm
-3

) source and drain 

regions adjacent to the relatively lightly doped (~10
18

 cm
-3

) active channel and well regions of 

the device. Figure 4 shows the cross-sectional view of the CMOS transistors fabricated on the 

Si substrate. Most applications for CMOS technology is summarized in this figure. The type 

of dopant in S/D junctions of an NMOSFET is an n-type so that a dopant can act as a donor 

of an electron. This is a counter-type of the substrate doping. In other words, an NMOSFET is 

fabricated on the p-type region and has n-type S/D regions. Likewise, a PMOSFET is 

fabricated on the n-type region and has p-type S/D junctions. When doping one of these 
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different types of S/D regions, the other site is screened by photoresist (PR) to selectively 

open the regions to be implanted. S/D structures must be heavily doped to supply enough 

electrons for higher current drivability, and minimize MOSFET parasitic resistance and 

contact resistance to the metal contact. These days, to suppress the punch-through and the 

dependence of the device threshold voltage (Vth) on channel length (short-channel effect), the 

S/D junctions tend to be very shallow. Regarding S/D implantations, S/D extension (SDE) 

implantation is a frequently used technique. SDE is a highly doped (~10
20

 cm
-3

) region under 

the sidewall spacer between the S/D regions and the channel, where lightly doped drain 

(LDD) structures used to be.  

 

 

 

Figure 4. Cross-section of the CMOS on the Si substrate. 

The LDD structure forced a trade-off between the hot carrier immunity and transistor 

current drivability. In spite of this trade-off relation, SDE implants are adopted to suppress 

short channel effects such as punch-through in the recent nanoscale CMOS devices.  

 

 

3.2. Well Implantation 
 

An NMOSFET where the carriers are electrons donated by donors is fabricated on a p-

type Si substrate. On the other hand, a PMOSFET where the carriers are holes supplied by 

acceptors in the source junction needs to be implemented on the n-type substrate. This 

arrangement blocks the leakage current under a forward bias between S/D junctions and the 

substrate, by which the only current path is formed between the source and the drain 

junctions.  

Grafting two different types of substrates for CMOS operations is not cost and area-

effective at all. Thus, for a PMOSFET to be integrated on the p-type substrate with a 

NMOSFET, an n-type substrate-like atmosphere around the PMOSFET should be prepared. 

For this, well implantation is performed with high acceleration energy as can be seen in 

Figure 4. In this n-type doped region, the PMOSFET operates as if it were fabricated on an n-

type Si substrate.  
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3.3. Channel Implantation  
 

Ion implantation is also carried in the channel beneath the gate oxide. Its intent is to 

control the Vth of the device as the designer wants. So, it can also be called as the Vth adjusted 

implantation. In terms of the doping type, the channel is a part of substrate and it prevents 

current conduction when the inversion layer is not yet formed. 

If there is no channel with a dopant type opposite to S/D junctions (i.e, the S/D junctions 

and channel are in the same dopant type to make a simple resistor with n-type doping), once 

the drain is applied by a positive bias with the source grounded, the current flows from the 

source to the drain regardless of gate voltage. The latter means that doping the channel with 

dopants of this type is the same as doping with S/D dopants, both lowering the device Vth.  

On the other hand, the doping type is the same with the substrate; the Vth is raised. For an 

NMOSFET, Vth needs to be a positive value. Thus, channel implantation with n-type dopants 

reduces Vth and can even make it a negative value. Nonetheless, implanting with p-type 

dopants makes it a higher positive value. The Vth shift in a PMOSFET by channel doping with 

two different types and their amounts can be understood in the same manner. This 

implantation is performed to prevent short channel effects in a nanoscale CMOS device with 

an extremely short channel length.  

Higher channel doping (counter-type to the S/D junctions) helps in securing the channel 

from being fully depleted, by which the punch-through between S/D junctions through the 

depletion region is prohibited. Since direct punch-through ignoring the gate control makes the 

device Vth undesirably low or even negative, the channel implantation is indispensable.  

 

 

3.4. Field Implantation 
 

Anb electrical isolation between MOSFET devices should be well established. Before the 

invention of planar technology, transistors and diodes were usually fabricated as mesa 

structures. However, surface leakage currents were a big problem in these devices. Local 

oxidation of silicon (LOCOS) is a famous process to electrically isolate devices.  

After growing a thin oxide (10-20 nm), a layer of LPCVD Si3N4 (100-200 nm) is 

deposited. The nitride is then patterned to form the active device regions. Because the Si3N4 is 

resistant to oxidation, oxide will only grow in those regions that have no nitride present. 

Before growing the field oxide, boron is implanted (1×10
13

 – 4×10
13

 cm
-2

) into the field 

regions in order to assure an acceptable field threshold. Subsequently, the field oxide is grown 

and the isolation structures are completed by stripping the Si3N4 film in hot H3PO4 and the 

pad oxide in a buffered HF (BHF) solution. Figure 5 shows the process flow for isolation by 

LOCOS.  

The thick oxide regions in the field remaining after all the processes are called field 

oxides (FOX). The effective length of a path to possibly connecting devices is made long 

enough by the FOX, which cuts off the unwanted leakage path among devices so the field 

implantation can be omitted in the LOCOS process. However, implantation makes leakage 

harder to occur when combined with a FOX formation during the LOCOS process. Thus, it is 

also called a channel-stop implantation, as previously shown in Figure 4.  
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Figure 5. LOCOS process flow. 

4. EXPERIMENTS 
 

In this section, experimental results on ion implantation and discussions are given. As
+
 

ions were implanted into a p-type Si substrate having two process variables: acceleration 

energy and dose. Then, an ion implantation annealing process was performed to activate the 

implanted dopants. The tendency in sheet resistance change by process conditions is traced 

and the underlying causes are analyzed. Some tools, concepts, and terminologies specifically 

used in relation with ion implantation are also briefly surveyed.  

 

 

4.1. Advantages of Ion Implantation  
 

It was mentioned that there are solid-source and gas-source diffusion methods, other than 

ion implantation, to dope some impurities into the Si substrate. Figure 6 demonstrates the 

processes for POCl3 doping by gas-source diffusion. Drawbacks of a doping process by 

diffusion are first visited.  
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(a) 

 

 
(b) 

 
(c) 

Figure 6. POCl3 doping. (a) Predeposition. (b) Phosphosilicate glass (PSG) passivation and drive-in. (c) 

Doping profile change during drive-in. 

A constant surface concentration is always expected for doping by diffusion. At a given 

temperature (>900 ℃), the solid solubility of species in the Si substrate is determined. In 

other words, the Si substrate has an upper limit in accepting the dopants at the temperature, 

which gives a constant surface concentration. Although the doping profile changes as time 

goes by during the drive-in process, the overall shape cannot be tailored from the 

complementary error function as shown in Figure 6 (a) through (c). Once the passivation 

oxide is deposited, there is no way-in or way-out of the dopants in the Si substrate, so the 

total number of dopants is fixed and unchangeable. Another disadvantage is that there is a 

lateral diffusion as much as the diffusion in the depth direction, since the thermal diffusion is 

a process occurring with regard to the dopant concentration. Doping by diffusion usually 

takes place in a furnace which has a very long process time, making it difficult to form a very 

shallow junction. Other than the diffusion process itself, it inevitably accompanies other 

processes to prepare hard masks made from SiO2 or Si3N4.  

The advantages of ion implantation are opposite to the above drawbacks of conventional 

doping processes by diffusion. Ion implantation is a fast, uniform, and repetitive process. The 

number of dopants implanted into the Si substrate is precisely controlled. The purity of 

doping is very high, mainly due to the help of a mass analyzer, a part that an ion implantation 
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genuinely has. Depth control is very easy since the acceleration energy is controllable. Non-

Gaussian dopant distributions are achievable by multiple ion implants with different doses, 

energies, and various species with different atomic masses. Also, the lateral diffusion can be 

minimized. As will be explained in a later part, the ion implantation needs a thermal process 

known as annealing, but it can be conducted for a very short time compared to the furnace 

process. Moreover, the initial depth can be determined to be as deep as wished by controlling 

the acceleration energy so the effect of lateral diffusion can be negligible.  

 

 

Figure 7. Ion-implantation onto a 4” wafer. 

One of the major advantages is that ion implantation is a low-temperature process. It does 

not need a hard mask grown at a high temperature that endures the high temperature during a 

diffusion-based doping process. Instead, PR is used to form the mask for ion implantation. 

Since the ion implantation is carried out at room temperature (although there can be wafer 

heating during the process, PR and Si can be sustained without deformations), it does not 

require hard masks grown at high temperatures in general. Although a drawback of ion 

implantation is that the process results in lattice damages and needs an additional annealing 

process, it is usually resolved by either a subsequent process known as rapid thermal 

annealing (RTA) or other advanced annealing techniques. More about the annealing process 

will be explained in a later part. 

 

 

4.2. Experiment Design 
 

The experiments were performed with 5 slices of 4” p-type (100) Si wafers. The initial 

resistivity was checked by the sonogauge to confirm that the substrate doping concentration 

was the same as given in the wafer specification. As
+
 ions were implanted, and the process 

variables were dose and acceleration energy. For the annealing process, the doped wafers 

were put into the furnace, and then final sheet resistances were measured by a four-point 

probe. The energy splits were 40, 60, and 80 keV, and the implanted doses were 1×10
13

,
 
2×

10
13

, and
 
4×10

13
 cm

-2
. The annealing process was performed at 900 ℃ for 4 minutes. This 
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amount of thermal budgeting, designed for efficient use of time, is not sufficient for full 

dopant activation, but it is effective in making significant activation results and analyzing the 

results in a coherent tendency.  

Making a brief investigation on the ion-implanted 4” wafer, as shown in Figure 7, the 

thickness of 4” wafer is usually 500 – 550 μm and the depth of implanted ions reaches 0.1 – 

0.2 μm. Thus, the ion implantation is completed in a very shallow region compared to the 

whole wafer thickness. The substrate doping concentration can be checked by a sonogauge, 

from a simple relation of:  

 

        (5) 

 

where ρ is the resistivity of material, μp is the hole mobility at a given doping concentration, 

and NB is the doping concentration which is the substrate doping, in this case.  

 

 

4.3. Tools for Experiments 
 

As the first step in semiconductor processing, the wafers or pieces need to be identified 

with serial numbers when the different process splits are made on each wafer/piece. Figure 

8(a) shows the diamond pencil by which the serial numbers can be easily carved on the 

wafer/piece with the diamond of the strongest hardness among most solids. Figure 8(b) shows 

the laser maker operated automatically by the serial numbers entered at the computer terminal 

and robot arms, which is better for handling wafers, especially when they are large in number. 

After the identification, the wafers are put into an initial cleaning state. The sonogauge 

pachymeter, or simply sonogauge, is used to measure thickness, sheet resistivity, and/or bulk 

resistivity. This system is only intended for use on wafers without junctions. The non-contact 

sensing head contains concentric elements which simultaneously measure thickness and sheet 

resistance at the same point. Differential thickness is measure by sonic (related with sound 

waves, where “sono” in the name comes from) elements in the upper and lower heads. 

 

  
        (a)                    (b) 

Figure 8. Wafer identification tools. (a) Diamond pencil. (b) Laser marker. 

 

1

p Bq N
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Figure 9. Sonogauge.  

A high-quality RF tank circuit measures sheet resistance. Resistivity is computed 

automatically from the thickness and sheet resistance measurements taken at the same point. 

The relation among resistivity, thickness, and sheet resistivity will be made known later on. 

To improve accuracy, the RF tank circuit automatically re-zeroes each time the wafer carriage 

starts from the load position on a new measurement sequence. At the same time, the sonic 

elements automatically measure a reference wafer to determine probe-to-probe spacing, 

which is used in wafer thickness determinations. This tool is used before the ion implantation 

to verify initial conditions of the bulk wafer.  

 

 

Figure 10. Medium ion implanter.  
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 (a)        (b) 

Figure 11. Annealing tools. (a) Conventional furnace (n
+
 annealing tube). (b) RTA. 

Figure 10 shows the front panel of the medium ion implanter (Varian E220) used for the 

experiments. The process pressure is maintained at a high vacuum of 10
-6

 Torr to eliminate 

particles, reducing the mean free path of accelerated ions. B
+
, BF2

+
, As

+
, P

+
, and Ar are the 

available species and the uniformity of doping concentrations along the laterally formed beam 

(Figure 3) should be within 3% to commence implants. The energy range is 5 – 200 keV and 

tilt and twist angles are 0° – 90°±1° and 0° – 360°±1.8°, respectively. To secure the required 

vacuum conditions during the process, cry pumps, turbo pumps, and dry pumps are operated. 

The implant dose range is 1×10
11

 – 1×10
16

 cm
-2

 (the maximum value for B
+
 is 5×10

15
 cm

-2
, 

exceptionally). 

 

  
(a)     (b) 

Figure 12. Purpose of annealing process. (a) Surface destruction after ion implantation. (b) Occupation 

process of a vacancy by an interstitial ion.  
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       (a)                                                   (b) 

Figure 13. Four-point probe. (a) Manual-type and (b) automatic four-point probes. 

 
(a) 

 
(b) 

Figure 14. Four-point configuration. (a) Collinear arrangements of the probes. (b) Role of each probe 

(Xj: junction depth of the n-type region on the p-type Si substrate). 

After ion implantation, the wafers are annealed in either the furnace or RTA tool, shown 

in Figure 11(a) and (b). The annealing process is performed in an inert ambient location so 

that there is no surface reaction with gas, by which any loss of implanted dopants is expected. 
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The lattice structure of the Si wafer surface is totally broken so that the crystalline structure is 

turned into an amorphous state. The sheet resistivity is immeasurably high at this point.  

Two main purposes of the annealing process can be summarized as damage cure and 

dopant activation. The amorphized wafer surface recovers the original crystalline structure 

through the annealing process. The Si atoms are aligned in positions with a minimum bonding 

energy that eventually restores the crystalline Si.  

However, this is not enough for obtaining the resistivity lowered by doping impurities 

into the semiconductor. The intersitial atoms, the implanted dopants, also need thermal 

energy to find the energy-stable positions where they participate in the covalent bonding with 

Si atoms so that implanted impurities behave as donors and acceptors, a process known as 

dopant activation. This process is accompanied by the damage cure during the annealing 

process.  

After the annealing process, the sheet resistance of the ion-implanted wafer is measured. 

Usually, a four-point probe is used for this purpose. Figures 13(a) and (b) show the images of 

manual-type and automatic four-point probes, respectively. The latter is more advanced and 

provides us with more kinds of information from the measurement, but the fundamental 

principle is the same with the former one. 

The four-point probe is commonly used to measure the semiconductor resistivity. It is an 

absolute measurement without recourse to calibrated standards and is sometimes used to 

provide standards for other resistivity measurements. Two-point probe methods would appear 

to be easier to implement because only two probes need to be manipulated. However, by 

using four rather than two probes, the parasitic voltage drops can be eliminated, even though 

the voltage probes (inner two probes) contact the device on the same contact pads as the 

current probes (outer two probes). Such four contact measurements are frequently referred as 

Kelvin measurements, after Lord Kelvin.  

By Figures 14(a) and (b), the basic principle of a four-point probe can be explained more 

explicitly. The mathematical expression for the four-point probe resistivity is derived as 

follows:  

 

                (6) 

 

where l is the distance between probes (all the distances are assumed to be same as l) and F is 

the factor that corrects the resistivity without F that is derived by assuming a wafer with an 

infinite radius to a realistic value. If the effective spreading width (w) is much smaller than 

the distance between the outer two probes (for current measurement) and the thickness (t) of 

conductive region (ion-implanted region) is much smaller than l (this is true in most cases 

since t is much thinner than 1μm and l is in order of millimeter), F is reduced to F = 

(t/l)/2ln(2) and Eq. (6) is also simplified as:  

 

               (7) 

 

where V and I are voltage and current measured by two inner probes and two outer probes, 

respectively. Eventually, the four-point probe displays the sheet resistivity (Rsh):  

2
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                             (8) 

 

Now, let us find out the relation between resistivity, conductor thickness, and sheet 

resistivity. When the thickness is too thin to probe the two sides at the end of a conductor, 

sheet resistivity (sometimes simply called sheet resistance) provides a very useful physical 

quantity. Along with Figure 15(a) where the current flows in the longitudinal direction, the 

resistance of a conductor (the ion-implanted region in the Si substrate is also categorized as a 

conductor) is defined as:  

 

 
(a)       (b) 

Figure 15. Definition of sheet resistivity. (a) Conductor strip. (b) Unit square for sheet resistivity. 

                (9) 

 

where ρ is the resistivity, L is the length of conductor, A is the cross-sectional area the current 

passes through, expressed by Wt. The ratio of L/W indicates how many squares with a side of 

length L are included in the conductor in the length direction. By dividing both sides by L/W, 

sheet resistivity is obtained as follows:  

 

             (10) 

 

where □ is the number of squares, L/W, counted in the length direction. So, a new physical 

quantity not related with conductor width, W, has been obtained. Strictly speaking, the unit of 

sheet resistivity is ohm (Ω) since the length units for L and W are cancelled out, which is the 

reason that it is simply referred to as sheet resistance.  

To revive the meaning of sheet resistivity, resistivity per unit thickness as can be implied 

by Eq. (10) to distinguish it from resistance, it is common to say ohm-per-square (Ω/) rather 

than ohm.  

It cannot be overemphasized that Rsh does not depend on W. No matter how long either L 

or W is, Rsh is invariable with those values as long as the ratio of L/W is maintained to be 

constant in the same material system.  
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The circuit designers find the concept of sheet resistivity to be very handy in drawing the 

circuit layouts. The only thing that they need to do is connect the square tiles in a series to 

construct metal lines once they know the width that a single square mandatorily has by the 

design rule, the resolution of the photolithography tool that the fabrication facility is equipped 

with.  

 

 

Figure 16. Schematic of a Si wafer implanted with As
+
 dopants (Xj: junction depth, : average 

doping concentration of As atoms).  

 

 

4.4. Experiment Results  
 

Before investigating the experimental results and discussions, one needs to be familiar 

with the concept of “dose” which is frequently used in ion implantation. Dose is also a 

concept associated with the number of particles, which indicates the number per unit area. 

This is differentiated from “concentration” which is number per unit volume.  

The electrical characteristics of a fabricated device are determined by concentration 

rather than dose. However, the ion implanter is only concerned with the number of ions it 

shoots onto the substrate/piece it is facing in the nearly normal direction without knowing the 

depth of the junction being formed. This is a physical quantity based on a two-dimensional 

manipulation just as sheet resistivity is, whereas concentration and resistance are viewed in a 

three-dimensional manner. One can guess there can be a relation between sheet resistivity and 

dose from this analogy.  

 

 
 

 
 

             (11) 
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where q=1.6×10
-19

 C, μn/p: electron/hole mobility, n/p: mobile electron/hole concentration, Xj: 

junction depth, upper bar: average value, and D: dose. Therefore, one can conclude that sheet 

resistivity (Rsh) is proportional to the inverse of D. This is not strictly right due to the mobility 

dependence on doping concentration, but keeping this relation in mind would be helpful in 

interpreting the experimental results.  

 

4.4.1. Dose vs. Sheet Resistivity 

In the first experiment, the acceleration energy was fixed to be 60 keV and dose was 

controlled to be 1×10
13

, 2×10
13

, and 4×10
13

 cm
-2

. Figure 17(a) shows the process simulation 

results under these conditions. It is confirmed that the location of junction depth (Xj) is almost 

the same at the constant acceleration energy, but the area under curves expands as the dose 

increases. A higher dose results in a higher Rsh as shown in Figure 17(b) and as can be 

confirmed by Eq. (11) as well. The red dotted line indicates points assuming a constant μn. 

However, a line from the experimental result (black line with error bar) deviates from the 

hypothetical line. The factor making the difference is electron mobility, which monotonically 

decreases as the number of dopants increases, as can be confirmed in Figure 18(a). Therefore, 

the actual curve does not pace up with the curve, presumably ignoring the effect of electron 

mobility. At a same Xj, a higher D means a higher concentration (larger number of mobile 

electrons), and consequently, resistivity (ρ) shows a monotonic decrease, of which results are 

coherent with the curve in Figure 18(b). In most cases, the electrical characteristics are 

determined by the net sum of donors and acceptors (|NA-ND|), but it is noticeable that mobility 

is affected by the total number of impurities (NA+ND) since an electron regards both donor 

and acceptor atoms as particles distracting its traveling.  

 

  
(a)                                (b) 

Figure 17. Ion implantation with dose variation. (a) Doping profile. (b) Dose vs. sheet resistivity. 

4.4.2. Acceleration Energy vs. Sheet Resistivity 

In the second experiment, the acceleration energy was controlled to be 40, 60, and 80 

keV, while the dose was fixed at 2×10
13

 cm
-2

. By a fixed dose, it is meant that the total 

number of impurity atoms is constant in all cases. As the acceleration energy increases, the 

junction is formed at a deeper location as shown in Figure 19(a). Consequently, electron 

mobility is enhanced since its mean free path between collisions with dopants is increased due 

to less impurity scattering as the result of a reduced number of implanted atoms in a unit 
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volume. The sheet resistivity is reduced as mobility increases as shown in Figure 19(b), 

which is confirmed by referring to Eq. (11) where Rsh and μn are inversely proportional.  
 

 
(a) 

 
(b) 

Figure 18. Effect of impurity number on (a) electron and hole mobilities and (b) resistivity. 

 
(a) 

Figure 19. (Continued). 
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(b) 

Figure 19. Ion implantation with acceleration energy variation. (a) Doping profile. (b) Acceleration 

energy vs. sheet resistivity.  

 

Figure 20. Ion implantation with variable acceleration energy and constant dose.  

The relation among Xj, n, and D are clarified by the schematic in Figure 20. These 

parameters are mathematically formulated as follows:  

 

              (12) 

 

Dose can be understood as the area under an arbitrarily shaped curve in the depth-

concentration plane, and it is simply the area of a rectangle, which is concentration multiplied 

by junction depth in Figure 20.  

 

4.4.3. Annealing vs. Sheet Resistivity 

In the third experiment, dose and acceleration energy were fixed to be 4×10
13

 cm
-2

 and 60 

keV, respectively. Taking a look at a single curve with an annealing time in Figure 21, as the 

annealing temperature is increased, sheet resistivity monotonically decreases.  
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Also, making comparisons among Rsh values at a fixed temperature, Rsh shows a 

monotonic decrease as annealing time increases. It is noticeable that once the annealing 

temperature gets high enough, like at 1,000℃, the Rsh will not vary with annealing time any 

longer. This supports that the annealing temperature is more critical than annealing time in 

dopant activation. In Eq. (11), there is no significant change in parameters affected by 

annealing conditions other than D. In the previous experiments, D had been assumed to 

reflect the whole number of implanted dopants.  

However, in reality, the actual D value or activated D, DACT, can be less than the designed 

D depending on the annealing conditions. Thus, creating higher annealing temperatures and 

longer annealing times are the efforts taken to make DACT approach D as long as the thermal 

budget is in a permissible range for device performance and reliability.  

The annealing process was performed by RTA to create precise control over annealing 

time. In order to rapidly heat the Si wafer up (and to cool it off) for short-duration annealing, 

a special heating technique other than the furnace process is required.  

In RTA, the Si wafer is heated to a high temperature in seconds by a bank of maps. 

Cooling off is also fast because the thermal mass of the entire system is small. Similar 

systems can be used for rapid thermal oxidation and rapid thermal chemical vapor deposition 

(CVD). Together, they are called rapid thermal processing (RTP).  

 

 

Figure 21. Sheet resistivity as a function of annealing conditions. 

 

CONCLUSION  
 

In this chapter, ion implantation as the conventional and still prevalent doping technique 

in modern CMOS technology has been reviewed. Novel technologies for nanofabrication will 

be researched and developed for the unceasing demands as the semiconductor device 

shrinkage is driven.  
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Through surveying the brief history, mechanisms by parts, applications in CMOS 

technology, and hands-on experiments, it is hoped to harden the understanding that ion 

implantation will serve as one of the unchangeably essential semiconductor process tools in 

the technology evolution.  
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