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Chapter 1. General Introduction 

1.1. Research Background 

To cope with the drastic change of digitization and networking in today’s world, 

the silicon-based semiconductor industry has made rapid developments, especially in 

miniaturization. As of 2010, the 32-nm gate-length node transistor is in mass production, 

and the 22-nm node transistor is also said to be in the final stages of development 

towards mass production. Moreover, for the system LSI (Large Scale Integration 

devices), with many functions integrated onto a single chip to achieve high efficiency 

and low cost consumer electronics, there has been an ever-increasing need for greater 

multi-functionality and higher performance, in addition to the miniaturization and high 

integration which was previously driven by memory requirements. At the same time, 

with the spread of digital steel cameras (DSC) and mobile phones which incorporate 

cameras, image sensors have started to take a share of the leading silicon-based 

semiconductor products.  

As these cutting-edge devices have started to be manufactured, the major problem 

of “production tolerance” has come to the fore in recent years [1]. Amongst these, 

control over any variation in the characteristics of semiconductor components like 

transistors is important for regular production of goods. 

The ion implantation technology which was invented by William Bradford 

Shockley Jr. et al., and then commercialized by Peter H. Rose et al., is the most accurate 

technique for doping a silicon substrate with impurities [2, 3]. The ion implantation 

technology and the subsequent evolution of annealing technology suppressed variation 

in the characteristics, and was a great factor in realizing regular production of minute 
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and high-performance Si-based semiconductors [4].  

The degree of control required for the ion implantation machines for cutting-edge 

devices, as evaluated by the one- value divided by the mean value, is less than 1% 

both for the cross-wafer uniformity and the implantation repeatability, even for a 

300mm wafer. To achieve this degree of control, not only the ion implantation machine 

itself, but the physical changes in the semiconductor material irradiated by the ions must 

also be accurately controlled. Most of these problems are hardly considered at the 

laboratory level, but arise as prominent issues for mass production facilities in 

manufacturing factories. Consequently, there is now a need for detection technology for 

these phenomena on the production line (in-line). 

 

1.2. Ion Implantation Machines Used for Semiconductors 

Figure 1 is a schematic diagram showing the parametric regions for the ion 

implantation that is used for manufacturing current Si semiconductor products such as 

Complementary Metal Oxide Semiconductors (CMOS) and Charge Coupled Device 

Image Sensors (CCD). Ion implantation has been used over a wide range of doses of 

11011 cm-2 to 11017 cm-2, and energies of 200eV to 8 MeV. Three kinds of the ion 

implantation machine have mainly been used in the production line to cover the wide 

ranges. These are (a) the high-current ion implantation machine to cover the high-dose 

(more than 11014 cm-2 with a beam current from 1 mA to 20 mA) and low-energy 

region (below 50 keV) with comparatively less implantation accuracy requirement, such 

as one to form the source/drain region, (b) the high-energy implantation machine to 

cover the high-energy region (above 200 keV), and (c) the medium-current ion 

implantation machine for the other parameter regions with high implantation accuracy.  
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The end-stations of the ion implantation machines are categorized into two kinds; 

the batch-type for which productivity is important, and the serial-type for which 

implantation accuracy is emphasized. 

 

1.2.1. The situation of state of the Art Ion Implantation Machines. 

(a) High-current Ion Implantation Machines  

This is an apparatus to provide ion implantation, e.g., for the CMOS source-drain, 

with doses of more than 11015 cm-2 and high currents of more than 10 mA. In general, 

the batch-type end-station has been adopted in order to boost productivity. The 

batch-type system can implant ions uniformly over the whole wafer surface by loading 

10 wafers identically onto a disc, and rotating the loaded disc at speeds up to 1200 rpm 

while scanning the entire surface. However, since the beam scanning has not been 

applied to the high-current batch-type machines, it was possible to design the beam line 

fairly short. For this reason, it was relatively easy to design a low energy mashine, and 
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Fig.1-1. Parametric diagram showing ion implantation region used for semiconductor 
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it was possible to ensure a few mA for beams with energies of smaller than 1 keV. It is 

thought that this has contributed greatly to the development of the shallow junction 

formation. On the other hand, however, implantation of positively-charged ions into the 

semiconductor material with a high beam current, has caused many problems due to 

accumulation of charge. To alleviate these problems, an electron gun was developed to 

actively supply negative charge to the surface of the wafer during ion implantation. This 

has become a standard equipment to be furnished in the high current implantation 

systems.  

The wafers are held during disc rotation with the help of the centrifugal force 

without using cramps or something like that in order to avoid metal contamination, 

cross-contamination, etc. For this purpose the wafer holder is cone-shaped with a cone 

angle of the order of 1 ~ 5 degrees with respect to the beam axis. This introduces a 

systematic error in the incident angle of the ions within the range of the cone angle 

difference. As the miniaturization of the CMOS proceeds in recent years, problems have 

started to occur, such as asymmetry in the transistor characteristics [5] and “pattern 

toppling” [6]. The former is caused by the “shadowing” due to the tilt. The latter is the 

mechanical collapse of the minute gate electrode pattern on the Si surface due to the 

centrifugal force resulting from the high speed rotation, which causes a severe reduction 

in yield of the end product. This is why even high-current machines have started to use 

the serial-type instead of the batch-type recently [7, 8]. 

(b) Medium-current Ion Implantation Machines 

The medium-current ion implantation machine is an apparatus developed to make 

an implantation with a controlled concentration in the channel part of the MOS device 

to the 11016 cm-2 range with high accuracy. The energy and the dose are in the ranges 
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of 5 ~ 200 keV (singly charged ions) and 11011 cm-2 to 11014 cm-2, respectively. To 

meet the strong demand from device miniaturization, it has a mechanism to make the 

beam parallel using electric and magnetic fields, and/or a serial-type end station, so that 

the incident angle accuracy of 0.5 degrees or less is realized even over the whole surface 

of a 300-mm wafer.  

Most serial-type systems adopt the hybrid scan mechanism which employs both the 

beam scan and the mechanical scan. In the latter scanning method the wafer holding 

stage (platen) are moved vertically relative to the ion beam. The beam current is 

monitored by a Faraday cup at the same position as the wafer during implantation, and 

the current fluctuation is minimized by immediate feedback to the scanning system. An 

extremely high doping accuracy is thus achieved with a dose inhomogeneity of less than 

0.5 % and a reproducibility with inaccuracy of less than 0.5% [9, 10]. For complex 

device structures the step implantation mechanism has also been adopted to achieve 

high accuracy [11]. To incorporate multiple transistors on a single chip necessitated by 

the system LSI in recent years, there is an increasing need for employing the 

medium-current machine in multiple processes. 

(c) High-energy Implantation Machines 

High-energy implantation machines are mainly used in the process to form the well 

in MOS devices and the photodiode in CCD image sensors. In most cases implanters of 

heavy ions with 3-MeV energy range are used. Recently, however, to respond to the 

demand for increasingly high sensitivity for CCD devices in addition to miniaturization, 

ultra-high energy machines with maximum energies of 5 MeV for B3+, 8 MeV for P4+ 

and 8 MeV for As4+ have been introduced into the market [13]. The maximum energy 

for B3+ ions is determined so as to avoid neutron production by the nuclear reaction with 
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deuterium atoms in the photo-resist, D(11B, n)12C [12]. The maximum energies for other 

heavy ions are determined so that they have almost the same density profile. 

Since the implantation depth in the Si substrate is several m, the implantation 

accuracy has been the problem of secondary importance. In recent years, however, 

attempts to control the impurity depth profile [14] by making use of axial channeling in 

the Si substrate have been made, and the trend towards serial processing to meet the 

demands for the miniaturization of CCD devices [15] is becoming marked. 

 

1.2.2. The Role of Ion Implantation in Fabrication Process of CMOS Devices 

A cross-sectional view of a typical planar bulk CMOS n-channel transistor is 

shown in Figure 2. As the transistor gate length has been made shorter in recent years, 

an SDE (source drain extension) structure has begun to be employed [2] to suppress the 

short channel effect in the transistor due to the strong electric field which is generated in 

the source-drain gap and could lower the threshold voltage Vth. To be shallower with 

higher concentration is yet needed for this part. The required junction depth is about 

10nm, and this is called the “shallow junction technology”. The shallow junction 
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Fig.1-2. Cross-sectional View of a Typical Planar Bulk CMOS Transistor. 
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formation technology together with annealing technology is one of the most difficult 

technologies in semiconductor manufacturing. In implantation into the channel region to 

establish a suitable threshold voltage while suppressing the short channel effect, random 

variation of the ion doping distribution has become one of the most problematic issues 

[56]. 

(a) The Trend in Ion Implantation Technology for Shallow Junction Formation 

For formation of a shallow junction at a depth smaller than 10 nm with a sheet 

resistance lower than 500 Ω/sq [2], it is essential that impurity doping is done at low 

energy, and that the heat treating to achieve high activation rate hardly causes diffusion 

of implanted atoms. In particular, lower energy implantation and channeling suppression 

has been pursued vigorously for the p-channel transistors, so that 11B, with small mass 

number and high diffusion coefficient, can be used for the p-type impurity in the 

extension region. The implanter performance required for a junction formation at a 

depth of the order of 10 nm under the condition of complete suppression of channeling 

is an extremely low energy of a few 100 eV and a high dose of 51014 cm-2 with high 

throughput of about 200 sl/h for 11B ion implantation. Successful implantation of 500 

eV 11B ions has been done by a method of deceleration from about 1 keV, which 

enabled relatively high current. However, since perfect exclusion of the energy 

contamination by this method is not possible due to unexpected neutralization of the 

beam ions, the perfect control of the depth profile is difficult. In addition, since 11B has 

a relatively light mass, the beam is susceptible to space charge expansion which makes 

the beam transport difficult and a high current hardly obtained. 

Pre-amorphizing implantation with Ge is a pioneering technology aiming at 

suppression of channeling and improvement of activation rate. During the preliminary 
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implantation before the 11B implantation, an amorphous layer is formed on the Si 

substrate, which prevents the channeling of 11B, and is an effective technique to improve 

the activation rate during annealing [16]. However, it could not totally satisfy the 

requirements of increasingly low energy and high concentration. 

Cluster ion implantation is one of the most promising approaches that could solve 

the above problems of low energy implantation of 11B. Large molecules or clusters 

consisting of a few to thousands of atoms are singly ionized and accelerated at medium 

voltage to minimize the space-charge expansion. Each atom has very low energy, 

however, and the atoms are lumped together until they impinge onto the surface of the 

substrate. Currently, investigations are under way [18] for the practical use of boron 

hydrides such as decaborane (B10H14) [17] and octadecaborane (B18H22) etc. Another 

merit of using cluster ions is the self-amorphizing effect of the massive cluster ion. This 

effect boosts the high activation rate obtained in the annealing process. 

Since a He plasma has a similar effect of pre-amorphization [41], plasma doping 

method has been expected to be one of the promising technologies with potential 

feasibility. However, it is thought that the imperfect reproducibility could be an 

insurmountable obstacle to be overcome for commercial use.  

Thus, it is generally agreed that control of the amorphized layer formed by ion 

implantation damage in the Si substrate is one of the most important factors for shallow 

junction formation. 

(b) The Trend in Annealing Technology 

Annealing technology has accomplished drastic changes in order to make the 

shallow junction. With development starting in the 1980s, when the transistor gate 

dimension was reduced from 0.5 μm to 0.35 μm, the “rapid thermal annealing” (RTA) 
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method appeared in the mass production lines in the second half of the 1990s [19,20]. 

This was a revolutionary change which replaced the conventional “vertical pipe 

furnace” annealing method requiring more than several hours, where the temperature 

elevation rate was a few ˚C/min, with the method which implemented fast temperature 

elevation of several tens of ˚C/sec and a short retention time at the top temperature of 

less than 10 seconds.  

As device miniaturization progressed, with the start of the “0.09 μm generation”, 

the “spike anneal” method [21] was introduced, which brought forth temperature 

elevation rates of several hundreds of ˚C/sec and a top temperature retention time of “0” 

seconds. To realize additional miniaturization, the so-called “msec-anneal” methods 

have been introduced, such as the “laser annealing” [22] and the “flash lamp annealing” 

[23]. In these methods, the density profile formed by ion implantation is retained after 

annealing as it is. Consequently, any variation in ion implantation is reflected directly to 

variation in the device characteristics. 

. 
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Fig. 1-3. Schematic explanation of Feed-forward Technology 
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(c) Technologies to Reduce Variability of Transistor Characteristics in Ion 

Implantation and RTA 

Ion implantation and RTA technologies have especially high degrees of 

controllability compared with other semiconductor manufacturing technologies. Up to 

“the 0.1-μm gate” generation devices, there was sufficient margin for the implantation 

parameters. The “feed-forward” technology was developed to correct for any variations 

in the gate length brought about in the lithography and etching processes, and then to 

equalize the effective channel length. A schematic explanation is given in Fig. 3. The 

variation in the transistor characteristics caused by the variation in the gate length is 

compensated either by the implantation dose of the impurity and the annealing time. 

Two methods have been developed and used as the typical feed-forward method. 

One is the method applying hybrid scan of the implanter beam in the medium-current 

system. The beam scan speed is controlled to correct the dose to match the required 

characteristics [24]. The other is the feed-forward to the annealing time in the RTA 

process [25]. Generally, the threshold voltage is approximately quadratically dependent 

on the gate length within a restricted range of the size, and is approximately linearly 

dependent on the annealing time. In this method the annealing time is controlled to 

compensate the threshold voltage variation due to the dependence on the gate length. 

Both of these methods are valid on the assumption that the implanter beam current is 

completely stable. 

1.2.3. The Role of Ion Implantation in Fabrication Process of CCD Image Sensors 

Figure 4 shows a schematic of the cross-sectional view of a typical CCD image 

sensor. To compensate for the unavoidable reduction in the light-receiving area in 

exchange for increase in pixel density, photodiodes must have greater depth. The 
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requirements for ion implantation technology for the current CCDs is “deeper, and at a 

low concentration of the order of 1  1011 cm-2”. Moreover, since the characteristics of 

the photodiodes in the Si substrate are determined solely by the ion implantation, an 

accuracy of better than 1 % is needed in the ion implantation process. The difficulty of 

realizing 1 % accuracy is illustrated by the following example. 

  

 

The size of cutting-edge CCD photodiodes is approximately 1.5 μm  1.5 μm. If 

ion implantation of 11011 cm-2 is carried out for this region, the number of impurity 

atoms implanted in 1one photodiode pixel is, 2.25  103 atoms, and 1 % corresponds to 

22.5 (atoms). This is means that control at the atomic level is required.  
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Fig. 1-4. Cross-sectional View of a CCD Device.
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Another serious issue with CCDs is the so-called white defect. The white defect is 

the imperfect pixel unable to give photoelectric signal regardless of the input light 

intensity, and is said to be caused mainly by heavy metal contamination or crystal 

defects introduced into the Si substrate during the ion implantation. Dependence of the 

white defect level and the beam irradiation time is shown in Fig. 5 [26]. Only a few 

millisecond differences in exposure time leads to difference in the white defect level. 

This means that the damage of the atomic-level caused by the ion beam irradiation has 

the major impact on the device performance. 

1.2.4. Measurement Technology 

Evaluation techniques that have primarily been used to date in-line for general ion 

implantation systems and/or annealing systems include the four-points probe 

sheet-resistance measurement method and the thermal wave method. However, these 

methods measure the bulk properties, but cannot directly observe the implanted 

      

Fig. 1-5. Relation Between Ion Beam Irradiation Time and the Level of White Defect. 
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impurity atoms, the crystal defect, nor the local damage in the semiconductor material. 

On the other hand, aiming at evaluation of phenomena of atomic level to meet the 

demand for the recent rapid miniaturization, there has been a rapid progress with 

microscopic measurement techniques, such as Secondary Ion-microprobe Mass 

Spectrometry (SIMS), a general evaluation method for implanted impurities, the 

three-dimensional atom probe (3DAP) [27], and scanning spreading resistance 

microscopy (SSRM) [28]. All of these are, however, destructive analysis techniques and 

cannot be used in-line in practice at a mass production facility. 

 

1.3. Significance and Purpose of the present Study 

It can be said that Si semiconductor device miniaturization has been supported by 

the high controllability in ion implantation technologies. Nevertheless, to the 

next-generation semiconductors, where the gate dimension approaches about 20 nm, the 

conventional methods of mechanical and electrical control of the ion beam can hardly 

be applied. It is necessary to clarify the mechanism by which the damage occurs. To this 

end an effective method is to visualize the interaction of the ion beam with the 

semiconductor material irradiated. 

The main purpose of the present study is the development of methods to evaluate 

the damage caused by the ion beam irradiation in semiconductor material. In particular, 

issues such as variations of characteristics caused by ion implantation are often raised at 

mass production facilities rather than in research laboratories. The topics of the present 

research are focused on possible evaluation methods which are both in-line and 

non-destructive. 

The first assignment, which is absolutely imperative, is to establish a method to 
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evaluate the film thickness of the amorphized layer formed in the process of shallow 

junction formation. At the present time, the amorphized layer thickness is determined by 

cross-sectional transmission electron microscopy (X-TEM). The amorphized layer 

required for the extension is formed with a dose in the 11014 cm-2 range, and the 

amorphous–crystalline boundary is rather indistinct. In the TEM determination of the 

film thickness, some ambiguity arises because of individual differences in the way the 

interface is identified depending on the engineer’s subjectivity. In the present study, 

using spectroscopic ellipsometry (SE) for determination of the amorphized layer 

thickness is examined. As the SE method has been widely adopted as a measuring 

instrument in semiconductor manufacturing facilities, in-line evaluation would be 

possible. Accordingly, how the ion implanter conditions and the amorphized layer film 

thickness are related will also be clarified in detail. 

The second assignment is to establish a method to evaluate the cross-contamination 

occurring during ion implantation. There are three types of cross-contaminations. One is 

energy contamination, which is referred to as the phenomenon that some of the dopant 

impurity ions are implanted at unintended energies because of charge-changing 

reactions during acceleration. Exclusion of these ions is accomplished in recent ion 

implanters by having an energy filter set up just before the wafer using a magnetic 

and/or electric field. The second is metal contamination. Transition metals immixed 

during ion implantation have a significant impact on emergence of white defects in 

CCD’s. For this reason, ion implanters have been employing aluminum alloy for 

structural materials such as the beam line and the end station. However, it has become 

understood that even the amount of the transition metals contained in the aluminum 

alloy can cause the CCD white defect. In recent implanters, measures such as Si coating 
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of the aluminum alloy used on the beam line and around the wafer have been taken. As 

a result, immixing metal contamination during implantation has been suppressed almost 

down to below the detection limit. The third is cross-contamination which is the 

phenomenon that unintended immix during implantation as impurity dopants. 

Cross-contamination occurs mainly by sputtering of atoms implanted in the beam line 

components, especially in the surrounding area of the wafer, that were used as dopant 

ions in the previous implantation runs. It is an unavoidable phenomenon in the current 

state of the ion implantation technology with diversifying processes. the present study a 

technique to evaluate cross-contamination using the Particle Induced X-ray Emission 

(PIXE) analysis method is developed, and the cleaning effect of an Ar beam is 

discussed. 

The third assignment is to set up an evaluation method for the charging 

phenomenon which is caused by deterioration of the photo-resist mask due to irradiation 

damage during the ion implantation. The way in which the photo-resist deteriorates is 

verified by the TOF-SIMS method as well as the SE to ascertain the deterioration 

mechanism. In addition, the effect of surface potential changes, which are closely 

related to the deterioration, on the control of the implantation dose which should 

otherwise be perfect, is examined. 

1.4. Structure of the dissertation 

The present dissertation is composed of the following five chapters. 

Chapter 1 is an introduction, which has discussed the current status of the ion 

implantation technology for Si-based semiconductors especially the implantation 

accuracy with examples of CMOS and CCD devices. Based on these considerations, the 

issues for establishment of the method to evaluate the damage in semiconductor 
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material caused by the ion beam have been classified, and the objective of the present 

research has been stated. 

In chapter 2, a proposal of a simple and in-line method using the SE is put forward 

to measure the amorphized layer thickness. The determination of the 

amorphous–crystalline boundary is extremely important in the evaluation of the 

pre-amorphized layer. The amorphized layer thickness defined on the TEM image is 

compared with the thickness measured with high resolution Rutherford backscattering 

spectroscopy, HR-RBS, and that with the SE. Based on this result, the relations between 

the film thicknesses and the width of the highly- damaged region of the 

amorphous–crystalline boundary transition region is discussed. This region is very 

sensitive to its thermal history, and is expected to be useful for evaluation of the ion 

implanter conditions. Therefore, the amorphized layers formed under various conditions 

are evaluated using the SE, and the relationship between the ion beam conditions and 

the Si substrate irradiation damage will be examined. 

In chapter 3, the grazing angle-incidence PIXE method is examined as a technique 

to evaluate cross-contamination. The target value of the detection limit for the CMOS 

device extension region having atomic density of (51014/cm2, was set at 1%, i.e., 

51012/cm2. Utilizing the grazing angle-incidence PIXE method to increase the 

irradiated area and use of a dummy surface to reduce the bremsstrahlung background 

X-ray signals are examined. Moreover, the technique is applied to detection of 

cross-contamination with a density of the same order of magnitude. 

In chapter 4, the charging phenomenon, which occurs during the ion implantation 

onto the photo-resist surface, is evaluated by making use of a surface potential 

measurement tool. It is inferred that the molecular bonds of the photo-resist begin to be 
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cleaved preferentially at bonds with smallest binding energy, and cross-linking begins to 

form a low-resistance carbonized layer. A Monte Carlo simulation is performed to 

calculate the implanted atoms and the recoil atoms to discuss the critical implantation 

dose for carbonization. Moreover, the relationship between the formation of the low 

resistance layer on the photo-resist surface and the local breakdown of the accumulated 

charges is discussed. Finally, the possibility is discussed that the charging phenomenon 

discussed above is the cause of the so-called explosion phenomenon as well as 

implantation dose fluctuations occurring in mass production facilities. 

Chapter 5 is the conclusion to the above studies, summing up the results from 

chapter 2 through chapter 4 in block, and future perspectives are mentioned. 
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Chapter 2. Evaluation of Pre-Amorphized Layer Thickness and 

Interface Quality of High-Dose Shallow Implanted Silicon by 
Spectroscopic Ellipsometry 

2.1. Introduction 

In shallow junction formation, the thickness and quality control of the 

pre-amorphized layer is an important element. Its accurate measurement and precise 

control are essential for quality control in device manufacturing. 

Fluctuations in the thickness of amorphized layers created by accumulation of 

damage from ion implantation can cause variations in dopant diffusion [29, 30] and 

activation [31] and leakage current [32]. Control of junction leakage current is of 

particular importance for many IC applications. Residual implant defects near or in the 

junction depletion layer [32] can cause severe junction leakage problems. The major 

sources of residual defects [33] after annealing are various forms of “end of range 

(EOR)” defects formed just below the amorphous/crystalline interface. The thickness of 

the amorphized layer formed by an ion implantation process is mainly determined by 

implant conditions (ion mass, implantation energy, ion dose, implantation angle etc.) 

and directly affects the depth and density of the EOR defects, dopant diffusion, dopant 

activation and junction leakage [31]. Practical operational factors of ion implantation, 

such as ion beam current density, scan rate and wafer temperature during implantation 

[34-36], as well as the type of implanter used, can also introduce noticeable variations in 

the thickness of the amorphized layer and quality of interface including EOR defects. To 

effectively maintain the quality of the production process, a reliable in-line 

Pre-amprhization layer monitoring technique must be developed for statistical process 

control (SPC) and day-to-day implanter tuning/matching.  



 - 21 -

Rutherford backscattering spectroscopy (RBS) and cross-sectional transmission 

electron microscopy (X-TEM) have been used to measure the amorphized layer 

thickness. However, these are destructive measurement techniques and require wafer 

breakage and/or sophisticated sample preparation. Due to these reasons, RBS and 

X-TEM are not suitable as in-line process monitoring techniques. Spectroscopic 

ellipsometry (SE) is a non-destructive amorphous layer thickness measurement 

technique with good spatial resolution (spot size 28 m). It has been used for the 

amorphized layer thickness measurement after implantation (>20 keV) [37] and solid 

phase regrowth at low annealing temperatures [38-40].  

In this work, a comparative study of the thickness measurement of amorphized 

layers after low energy (<20 keV), low dose (31014 ions/cm2) As ion implantation by 

SE, RBS and X-TEM techniques has been performed. An application of the thickness 

measurement using the SE technique has also been demonstrated for the amorphized 

layers formed by He+ implantation by plasma immersion methods [41, 42]. 

 

2.2. Experimental Details 

2.2.1. Sample Preparation 

Two hundred millimeter (200 mm) p-type Si (100) wafers with a resistivity of 

10-15 -cm were used in this study. The wafers were implanted with As or Ge ions 

using a batch-type high current ion implantation machine (disk rotation speed: 1200 

rpm) at energies from 4 to 30 keV with doses from 21014 to 51014 ions/cm2 to form 

amorphized layers on the surface. Typical implant energy and dose for shallow junction 

formation were selected. All wafers were implanted with a fixed beam current of 1 mA. 

The disk and wafer cooling fluid temperature was controlled at a set point of 23 oC to 
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keep wafer temperature at 100 oC or less during ion implantation.  

 

2.2.2. Thickness Measurement Technique 

A schematic diagram of SE is illustrated in Fig. 2-1. An SE system was used in this 

study. The system uses a Xe-lamp as a light source in the wavelength range of 250 to 

850 nm (KLA-Tencor, F5X, Summit software Version 2.6). The system spec of the 

beam spot size for the F5X, KLA-Tencor, is 28  21 m at the surface of the 

measurement sample when the incident angle is 76o.  

SE measures the amplitude ratio (Ψ) and change in phase difference (Δ) of the p- 

and s-polarized light after reflection from a sample surface. And these elements are 

known to be a function of N (the complex refractive index) and d (the film thickness) 

[43, 44]. The complex refractive index N ( iknN  : n = refractive index,  k = 

extinction coefficient）of a samples with perfect flatness and infinite thickness can be 

expressed as follows; 
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Fig. 2-1. Schematic diagram of spectroscopic ellipsometry. 
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This formula is applied here to the amorphized layer as an approximated 

expression. 

RBS measurements were made by a high resolution RBS (HR-RBS at a Kobe Steel 

Group Company facility) [45]. The helium probe ions were irradiated with an incident 

energy of 450 keV at an angle of 45˚ to the normal of the sample surface, and the 

scattered helium ions were detected by a polarizing magnetic field-type energy 

spectrometer with a scattering angle of 77˚. For calculation, a Si density value of 2.2 

g/cm3 and SiO2
 density value of 2.33 g/cm3 were used.  

X-TEM lattice images were taken using a TOPCON microscope with electron 

energy of 200 keV. The magnification of images was determined on the basis of the Si 

lattice spacing. 

2.3. Result and Discussion  

2.3.1. Amorphized Layer Thickness 

All measurement techniques (SE, HR-RBS and X-TEM) used in this study showed 

consistent trends of amorphized layer thickness increase with the increase of ion 

implantation energy at a given dose condition.  
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Figure 2-2 (a) and 2 (b) show the spectra of cos  and tan  components measured 

by SE from As implanted Si with implantation energies ranging from 4 to 10 keV and a 

fixed dose of 31014   ions/cm2. As seen in the figures, noticeable change of spectra 

was observed between wafers with different implantation energy. The shoulder of the 

spectra shifts in the longer wavelength direction and the slope of spectra becomes less 

as As ion implantation energy increases. The SE spectra are sensitive to the ion 

implantation energy at a given dose. Since the thickness of the amorphized layer 
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Fig. 2-2a, 2b. The spectrum of cos (a) and tan (b) measured by SE for As ion implanted silicon. 
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depends on the implantation energy and dose, the SE spectra can be used as a 

non-destructive, in-line monitoring technique for amorphized layer thickness.  

 

 

High resolution Rutherford backscattering (HR-RBS) measurement in channeling 

mode operations is useful in analyzing the crystalline damage and dopant profiles in Si 
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Fig. 2-3. HR-RBS spectrum of the amorphous layer measured using a 450 keV H+ beam. 
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Fig. 2-4. The amorphous film thickness dependence on implanting energy for three 

measurement methods (●: SE, ▲: HR-RBS, and ■: X-TEM). 
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for all dopants except for boron and phosphorous. HR-RBS spectra from As implanted 

Si with implantation energies of 4 keV and 10 keV, at a dose of 31014 ions/cm2, are 

shown in Fig. 2-3. The vertical axis of yield per unit energy (or channel) depends on the 

amount of impurity atoms, including Si atoms, out of crystalline Si lattice sites. The 

horizontal axis of energy (per channel) depends on the mass and depth of impurities. 

Thus the main channeling peak can be interpreted as the thickness of the amorphized 

layer by ion implantation as indicated in Fig. 2-3. The width of the Si signal became 

wider as As energy increased from 4 keV to 10 keV at a fixed As dose of 31014 

ions/cm2. This is a firm indication of dependence of the amorphized layer thickness on 

ion implantation energy.  

The amorphized layer thickness estimated by three measurement techniques (SE, 

HR-RBS and X-TEM) is summarized as a function of As ion implantation energy at a 

fixed As dose of 31014 ions/cm2 in Fig. 2-4. For SE measurement, several dielectric 

function models have been proposed so far for the homogeneous, amorphous layer 

formed by Chemical vapor deposition (CVD) etc. [46] However, there is a possibility 

that the optical constants of the amorphized layer formed by the ion implantation 

depends on the implanted impurity profile, and is inhomogeneous in the direction of 

depth. Moreover, there is a necessity for making them applicable to wide range of Ion 

implantation condition. Therefore, for the amorphized layer thickness calculated from 

the SE spectra, the harmonic oscillator model [47-49], with a high adaptability to wide 

range of the optical constants by having plural oscillators, is used assuming the top 

surface to be a single amorphous layer. And it calculated using four oscillators so that 

Chi-squared goodness of fit (GOF) might become 0.75 or more.  
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Fig. 2-5 shows the example of fit curve, at the As implantation energy of 4 keV and 

a dose of 31014/cm2. It was calculated using our harmonic oscillator model. In this case, 

Chi-squared goodness of fit (GOF) was 0.84. The GOF decreases with increasing 

700600500400300

0.6

0.5

0.4

0.3

0.2

  Measured   Theory

SE Tan()

700600500400300

-0.2

-0.4

-0.6

-0.8

  Measured   Theory

SE Cos()

 

Fig. 2-5. The example of fit curve, at the As implantation energy of 4 keV and a dose of 

31014/cm2, was calculated using our harmonic oscillator model. 
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Fig. 2-6. Amorphized film thickness estimation from an X-TEM image. (The film thickness 

was estimated from numerically converted image contrast of an X-TEM image after image 

processing.) 
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energy and with decreasing dose. The value of 0.75 is the lowest one in our experiments. 

And the native oxide is not included in our model, because the usual SiO2 model 

becomes inapplicable as the As ion implantation proceeds to produce knock-on and 

sputtering effect, etc. Therefore, the oxygen incorporation was abandoned in order to 

give priority to simplicity in use in the factory, at a cost of accuracy. 

Table 2-1 shows the fundamental parameter of each oscillator used for this 

measurement.  

 

These fundamental parameters were determined by analyzing a thick (70 nm or 

more) layer of Si amorphized by high energy and high dose ion implantation. [37], on 

the basis of Ref. [50]. 

The details of amorphized layer thickness estimation from X-TEM and HR-RBS 

are illustrated in Fig. 2-6 and Fig. 2-7, respectively. The amorphized layer thickness was 

measured from the surface marker to one half of the maximum contrast of the 

amorphous/crystalline transition tail using the image contrast after X-TEM image 

processing. From the HR-RBS spectra, the amorphized layer thickness was defined as 

TABLE 2-I 

 The fundamental parameter of each oscillator used for this measurement 

    

 Noc 

(nm-3) 

En(eV) Eg(eV) Nu Ф(rad) 

Osillator1 45.077 3.6222 2.6509 0.2773 0.3205 

Osillator2 120.70 3.4900 2.1197 0.0496 -2.3460 

Osillator3 75.416 3.9673 1.8739 -0.0142 0.0085 

Osillator4 374.31 5.6653 14.058 -0.0292 1.0096 

Noc=density, En=resonance energy, Eg=absorption energy,  

Nu=compensation value of polarization quantity, Ф=phase difference, 
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the width from the middle points of both edges of a Si signal.  

 

The thickness values estimated by all three measurement techniques came out to be 

similar. However, the values from SE and HR-RBS were ~2 nm greater than those from 

the X-TEM image processing. The difference can be understood as a contribution of 

uncertainty due to the amorphous-crystalline transition region such as interface 

roughness and contrast variations caused by sample preparation. It should be noted that 

the SE measurements are done at 49 points over the wafer surface and the average 

thickness value was used. On the other hand, the HR-RBS and TEM measurement was 

done at one location (the wafer center). These may have contributed to variations of 

estimated amorphized layer thickness. There is a possibility that the amorphized layer 

thickness values estimated by SE and HR-RBS include not only fully the amorphized 

layer, but also part of the amorphous-crystalline transition layer with heavy crystalline 

damage. 
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Fig. 2-7. Amorphized film thickness estimation from a HR-RBS spectrum. (The film thickness 

was defined as the width from the mid-point of the high energy side (a) to the mid-point of 

the low energy side (b) of a Si signal of HR-RBS spectrum.) 
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2.3.2. Discussions 

The slope of X-TEM image contrast change near the amorphous/crystalline 

transition region depends on the roughness of the amorphous/crystalline interface (Fig. 

2-8 (a) and (b)). For amorphized layer thickness estimates, the roughness of the 

amorphous/crystalline interface must be considered.  
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Fig. 2-8a, 8b. Comparison of amorphized layer thickness values estimated by SE and HR-RBS 

measurements on a numerically converted X-TEM image contrast. ((a) As-ion implantation 

at energies of 4 keV, at a dose of 3x1014 ions/cm2. (b) As-ion implantation at energies of 10 

keV, at a dose of 3x1014 ions/cm2.) 
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The amorphization of the Si substrate is considered to be caused by collision 

cascades of recoil Si atoms under incidence of the implantation ions. To theoretically 

estimate the location of the amorphous/crystalline interface, the atomic concentration of 

recoil Si, at As implantation energies of 4 keV and 10 keV, was calculated using 

SRIM2008 [51] and plotted in Fig. 2-9 as a function of depth. The amorphized layer 

thickness values estimated by SE, HR-RBS and X-TEM were superimposed on the 

recoil Si depth profiles for comparison. For the As ion implantation (10 keV and 31014 

ions/cm2), the estimated by X-TEM is located at a recoil Si density of ~2.01022 

atoms/cm3. The depths estimated by various techniques shown in Fig. 2-8 (a) and (b) are 

located between a recoil Si concentration of 2.61023 atoms/cm3 and 8.11022 

atoms/cm3. As implantation energy increases, the range of depth values estimated by 

various techniques maximum concentration of recoil Si exceeds the atomic density of 

crystalline Si (5.21022   atoms/cm3). For the sake of qualitative discussion of the 

amorphization mechanism and location of the amorphous/crystalline interface, the 

inconsistency was ignored.  

The depth of the amorphous/crystalline interface estimated by SE and HR-RBS is 

located at a recoil Si density of ~1.01022 atoms/cm3. The depth widens. However, the 

recoil Si density simulation results in reasonably good agreement with experimental 

results. It seems that the thickness values estimated by the SE and HR-RBS are more 

sensitive to damage in the crystalline Si compared to X-TEM.  

In the case of SE measurement, the average thickness of the amorphized layer in a 

measurement spot size of 2821 m in diameter is estimated and the average of 49 

points across the wafer is given as a thickness value. Thus, the thickness value estimated 

by SE measurement can be very useful for characterizing the impact of ion implantation 
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in terms of pre-amorphized layer and amorphous/crystalline transition layer thicknesses.   

 

2.3.3. Roughness Evaluation of Amorphous/Crystalline Interface by SE 

The possibility of evaluation of the roughness of the amorphous/crystalline 

interface was investigated using the sensitivity of SE on a heavily damaged region near 

the amorphous/crystalline transition layer. Si wafers implanted with As ions (10 keV, 

31014 ions/cm2) were annealed for 30 min at low temperatures (100 oC, 200 oC, 300 oC 

and 400 oC) in 1 atm N2. To improve accuracy of the experiment, a single wafer rapid 

thermal furnace was used in this study. This system provides isothermal cavities for 

wafer processing and heats wafers primarily by natural convection. The details of the 

operating principles and features of the system has been reported by Yoo et al.[52, 53] 

The SE measurement results are shown in Fig. 2-10. The amorphized layer on single 

crystalline silicon has its crystalline structure restored by a solid phase regrowth 
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Fig. 2-9. Atomic concentration of recoil in Si for a fixed As dose of 3x1014 ions/cm2 with 

implantation energies of 4 keV and 10 keV calculated using SRIM2008. (Thickness values 

of amorphized layer estimated by various techniques are superimposed.)  



 - 33 -

mechanism with relatively low temperature annealing, below 500oC. The activation 

energy of solid phase regrowth is reported to be 2~3 eV [54, 55]. However, the SE 

spectra starts to change even after annealing at lower temperatures, where the solid 

phase regrowth does not take place. The initial thickness of the amorphized layer was 

estimated to be 20.04 nm by the SE spectra. From the change of the amorphized layer 

thickness, estimated by the SE spectra after annealing for 30 min, the regrowth rate of 

crystalline Si was calculated. Wafer temperature ramp-up and ramp-down times were 

neglected for simplicity since the annealing time of 30 min is relatively long. Figure 

2-11 shows an Arrhenius plot of the regrowth rate of crystalline Si near the 

amorphous/crystalline interface region. The activation energy associated with this 

regrowth is calculated to be 0.17eV. This value is more than one order of magnitude 

smaller than the values previously reported [54, 55]. Since the temperature range 

(475oC~575 oC and 500 oC~750 oC) of previous studies only covers the higher end of 

the temperature range (100 oC~500 oC) of this study, it is difficult to simply compare the 

values without going through further investigation. However, the very small activation 

energy of 0.17 eV implies that the low temperatures (as low as 100 oC) can influence the 

amorphous/crystalline interface region which results change in the SE spectra and the 

recrystallization of the amorphized layer from the interface.  
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Fig. 2-10. Amorphized layer thickness measured by SE before and after low temperature 

annealing at 100 oC~400 oC. 
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Fig. 2-11. Arrhenius plot of regrowth rate of the amorphized layer in the temperature range of 

100 oC~500 oC. (Ion implantation conditions: As 10 keV, 3x1014 ions/cm2) 
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The SE spectra indicate slight reduction of the amorphous layer thickness, even 

after low temperature annealing. It is very sensitive to the thermal history of amorphized 

layers. The SE measurement treats the heavily damaged layer as a part of the 

amorphized layer. This sensitivity of detecting the heavily damaged layer can be very 

useful in characterizing the roughness of the amorphous/crystalline interface. It can also 

be used for monitoring the performance and conditions of individual implanters (such as 

for fluctuations of wafer temperature, implantation energy, beam current density and 

beam scanning etc.).  

Beam current dependence of amorphized layer thickness after As-ion implantation 

at an implantation energy of 30 keV and dose of 3x1014 ions/cm2 is plotted in Fig. 2-12 

as a function of ion beam current during implantation.  As the beam current increases, 

the amorphized layer thickness, measured by SE, increases slightly within the range of 

interface roughness. This indicates the increase of the thickness of the heavily damaged 
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Fig. 2-12. Amorphized layer thickness variation measured by SE as a function of ion 

beam current at a fixed As-ion implantation energy of 30 keV and a fixed dose of 

3x1014 ions/cm2. 
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layer by the increase of ion beam current at a given implantation energy and dose. The 

SE measurement can detect the fluctuation of beam current at a given implantation 

energy and dose with thickness variation of the amorphized layer. 

 

2.4. Applications  

The thickness of an amorphized layer changes not only with ion implantation 

process conditions (ion species, energy, dose) but the also with the ion implanter 

conditions (wafer temperature, implantation energy, beam current density, beam scan. 

etc.). Therefore, it is very important to have a non-destructive, in-line amorphized layer 

thickness measurement technique. The SE can be very suitable for this application. 
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Fig. 2-13. Amorphized layer thickness of Ge-ion and As-ion implanted Si wafers measured by 

SE as a function of implantation energy at a dose of 3x1014 ions/cm2. 
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2.4.1. Pre-amorphization by Ge and As Ion Implantation 

The thickness of the amorphized layer formed by 72Ge and 75As ion implantation 

measured by SE, is plotted in Fig. 2-13 as a function of implantation energy. The 

implant dose was fixed at 3x1014 ions/cm2 for all samples. Since the atomic mass of Ge 

and As are similar, both the implantation damage to the Si and the thickness of the 

amorphized layer showed similar trends. The thickness of the amorphized layer 

increases proportionally to the increase in implantation energy.   

 

Fig.2-14 shows a 49 point cross-wafer uniformity map of the amorphized layer 

thickness measured by SE after Ge implantation using a batch type ion implantater. The 

Ge ions were implanted at an energy of 4 keV and a dose of 31014 ions/cm2. The 

standard deviation of the amorphized layer thickness over the wafer was 0.2 nm or less. 

However, the signature of the beam scanning (disk translation direction), inherent to the 
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Fig. 2-14. Amorphized layer thickness uniformity map (49 point measured by SE) of a Si wafer 

after Ge implantation using a batch type ion implanter. 
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batch type implanter, can still be seen in the amorphized layer thickness map. 
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Fig. 2-15. Amorphized layer thickness of He+ PIII implanted wafers measured by 

TEM (Ref. 41, 42) and SE (this work) as a function of He PIII bias voltage. 

 

Mean: 7.79 (nm)
Maximum: 8.06 (nm)
Minimum: 7.51 (nm)

Std. Dev: 0.146   1.87%
 

 

Fig. 2-16. Amorphized layer thickness uniformity map (121 point measured by SE) 

of a Si wafer after He+ PIII implantation with a bias power of 100W.  
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2.4.2. Amorphization by He RF Plasma Doping 

It is well known that high-dose, shallow implantation in plasma doping amorphizes 

the Si surface [41, 42]. The thickness and uniformity of the amorphized layer formed 

during He RF plasma doping for 30 s was measured by SE (Table 2-2). The amorphized 

layer thickness of Si wafers implanted by He+ Plasma Immersion Ion Implantation 

(PIII) and measured by X-TEM (Ref. 41, 42) and SE (this work) is summarized in Fig. 

15 as a function of He PIII bias voltage. It shows that the amorphized layer thickness is 

mainly determined by the bias voltage (or power) while other plasma doping conditions 

(plasma density, He ion dose, pulse repetition rate and wafer temperature during implant. 

etc.) have negligible effect on the amorphized layer thickness. 

 

The amorphized layer thickness map of a typical wafer implanted in PIII with a 

bias of 100 W is shown in Fig. 2-16. A 49 point SE measurement shows the thickness 

uniformity of the amorphized layer is 2 % or less. There is a possibility that the 

uniformity of amorphized layers formed in He plasma doping can further be improved 

by utilizing the in-line monitoring capability of SE in process optimization. 

TABLE 2-II  

The amorphous layer thickness for helium plasma immersion implant 

 

Bias Power 

(peak to peak voltage)

100W 

(100 V) 

400 W

(200V)

Thickness (nｍ) 7.79 19.9 

Uniformity (%) 1.89 1.12 
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2.5. Conclusion 

The pre-amorphized layer thickness formed by ion implantation has been measured 

using SE, HR-RBS and X-TEM methods. The amorphized layer thickness measured 

with SE appears to be measuring from the wafer surface into the heavily damaged 

region, below the amorphized layer imaged by TEM. The thickness measured by SE 

gives almost the same value estimated by HR-RBS. The thickness measurement of the 

amorphized layer using SE provides an accurate measurement (within 2 nm) and high 

sensitivity of the heavily damaged layer near the amorphous/crystalline interface. It is a 

non-destructive and non-contact measurement technique which enables rapid, 

multi-point mapping of thickness over a wafer. It is also a very attractive and powerful 

measurement technique for in-line monitoring of amorphized layer thickness as well as 

implanter conditions. 
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Chapter 3. New Evaluation Method for Cross-contamination of Ion 

Implantation by Using Grazing Angle Incidence PIXE in Photo-resist 

3.1. Introduction 

The ion implantation technology is used in the semiconductor manufacture over a 

wide range of process conditions, i.e., energy from 100eV to a few MeV, and dose 

(defined here as the number of dopants implanted per unit area) from 11011/cm2 to 

11017/cm2. Accurately understanding the quantity of impurities, both intentional and 

accidental, introduced in the Si substrate by the ion implantation, as the requirement of 

scaling and high performance of the semiconductor devices, becomes increasingly 

important. [56]  

Since it is common practice to implant a variety of dopant and other ions in the 

same implant tool, cross-contamination, or the unintentional delivery of elements from a 

previous implant cycle, is a continual area of concern. The mechanisms by which 

cross-contaminant elements can arrive at a wafer during implant include insufficient 

mass resolution settings as well as sputtering and vapor deposition from electrodes, 

beam stops and other beam-line surfaces [57]. Cross-contaminating dopant species can 

result in anomalous shifts in junction depth at contamination levels as low as 0.01% 

[58]. Metallic impurities in Si, such as Fe, Ni, Cr, and Ta, at levels of the order of 1 ppb 

can lead to reductions in carrier mobility and lifetime as well as large increases in 

junction leakage currents. With typical high dose implants at ≈1015 ions/cm2, an 

efficient in-line method for detection and identification of dopant and metallic 

contaminants at the level of ≈1012 atoms/cm2 (0.1 %) is highly desirable. 

In usual practice, the dose of an ion implant is measured indirectly, with sheet 
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resistance metrology by using 4-points probe measurements or by Junction 

Photo-Voltage (JPV) methods, or by monitoring the accumulated damage by using 

thermal wave or other optical reflection methods [59, 60]. However these methods are 

not suited for quantitative detection of small amounts of contaminant atoms. Sheet 

resistance methods require the formation of p-n junctions to detect effects of dopant 

cross-contaminants and are unable to monitor metallic and other non-dopant 

contaminants.  

Another method for analysis of impurities in the substrate is secondary ion mass 

spectrometry (SIMS) [61]. This method can analyze the depth profile of the ion 

implantation impurities with high spatial resolution. However, SIMS has difficulties 

distinguishing the atomic number, chemical identity, of contaminant species. Also SIMS 

is a destructive inspection; sputtering removal of the sample is necessary to know the 

depth distribution and the dose integrated over some depth. 

On the other hand, application of characteristic X rays emitted by particle 

(electrons, ions or X-ray photons) beam incidence for measurement of the ion 

implantation impurities has been successful in some practical cases.[62, 63, 64] This 

method is a nondestructive analysis. However, the minimum areal density of impurities 

in the Si substrate detectable by using these methods, i.e., the sensitivity, is about 

11014/cm2. This limit is set by interference of background bremsstrahlung radiation 

emitted in the process of deceleration of the probe beam particles in the substrate. 

Total Reflection X-ray Fluorescence (TXRF), is a nondestructive surface analysis 

technique, that has a high sensitivity in the vicinity of the surface shallower than about 

10 nm. TXRF is not applicable, however, to the measurement of implanted impurities, 

because of the implanted density distribution can extending to several tens of 
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nanometers or more [65]. 

In the present work, Particle Induced X-ray Emission (PIXE) analysis has been 

used to analyze the impurities on photo-resist layers formed over the Si wafer to 

measure the number of implanted and cross-contaminant arsenic (As) atoms, and to 

investigate the use of accelerator analysis as an in-line impurity monitor. PIXE analysis 

is an analysis technique widely used in the field of environmental science, biology, 

medical science, and archeology, etc. [66]. It is a nondestructive method that measures 

characteristic X-rays excited by a several-MeV proton probe beam incident on the 

sample target. When impurities in a Si substrate are analyzed by using this method, the 

bremsstrahlung radiation background determines the detection limit, similarly to other 

characteristic X-ray analysis methods. The ingenuity has been exercised for increasing 

the detection capability or sensitivity; to increase the surface area irradiated by the 

probe beam by using a grazing angle incidence, and to reduce the bremsstrahlung 

background by making the analysis on photo-resist layers formed over the Si wafer for 

masking. 

 

3.2. Experimental Procedure 

3.2.1. Sample Preparation 

Two-hundred-millimeter-diameter (200-mm) p-type Si (100) wafers with a 

resistivity of 10 - 15 cm were used in this study. The photo-resist was chemical 

amplification type KrF resist that used Iodine (I) as Photoacid Generator (PAG). The 

thickness of the photo-resist after coating was 4.4 m. The wafers were implanted with 

As, Ge and B ions using three kinds of ion implanters at ion energies ranging from 10 

keV to 2 MeV with doses from 11012 to 51015 ions/cm2.  A batch-type high-current 
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implanter, a batch-type high-energy implanter and a single-wafer type medium current 

implanter were used for the measurement of dopant cross-contamination of a range of 

doses and energies. 

 

3.3.2. Experimental apparatus 

A Tandem PELLETRON 5SDH-2 (National Electrostatic Corporation, USA) was 

used in this study as a source for 3.0-MeV proton probe beams [67]. Figure 3-1 shows a 

schematic of the PIXE analysis station. The Si-PIN photodiode type detector 

(XR-100CR) with 90-m-thick Al filter is placed in front of a detector located at a 

detection angle of 135 deg. The probe beam is incident on the sample surface in which 

the axis of rotation lies, and the tilt angle,, was variable from 0 to 90 degrees. 

 

3.3. Results and discussion 

3.3.1. PIXE analysis with large tilt angle  

PIXE can detect impurities of the depth of several ten μm from the sample surface 

because it uses a 3 MeV proton as a probe beam. However, to restrict the analysis to 

within a photo-resist layer that is only a few μm thick, grazing angle incidence PIXE is 

HH+ + ionsions
Si-PIN Photo diode type Detector

with 90m-thick Al filter

Sample folder

Sample


X-ray

 

Fig. 3-1.  Schematic of PIXE analysis system. 
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needed. 

Therefore, we performed PIXE analysis with a large tilt (incident) angle to increase 

the sensitivity to the ion implantation impurities by increasing the incident beam 

diameter on the sample. The As ions were implanted at an energy of 10 keV and a dose 

of 11014 ions/cm2. A proton incidence of 10 C at an energy of 3 MeV was used for 

each sample analysis.  The proton beam diameter on the sample for normal incidence 

was 1 mm.  The tilt angle was varied from 0 to 90 degrees in intervals of 0.5 degrees. 

 

Figure 3-2 shows the tilt angle dependence of the measured spectrum. It shows that 

the K and K peaks of characteristic X-rays emitted from As atoms, which are of 

interest for analysis, grows as the tilt angle increases. The proton probe beam is 

projected as an ellipse on the surface of the sample by incidence with a large tilt angle, 

and its irradiation area increases in proportion to 1/cos. Since As atoms are uniformly 

distributed laterally just near the sample surface by the ion implanter, as explained 
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Fig. 3-2.  Tilt angle dependence of the PIXE spectrum. 
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below, it is expected that the peak yield increases proportionally to 1/cos. This effect is 

equivalent to an increase in the effective path length through the implanted region, if the 

probe ions lose negligible energy during the transit. 

 

From the measured peak intensity, the areal density of atoms of interest is 

calculated by using analytical software Gupixwin ver. 1.3. [68] Figure 3-3 shows the 

dependence of the As-K X ray yield on the probe beam incident angle . As has been 

expected, it is clearly shown that the yield increases just in proportion to 1/cos, which 

is indicated by the broken line. 

The projected range of 10-keV As ions in Si substrate is 0.026 m, which is more 

than three-orders-of-magnitude smaller than the projected range of 3-MeV probe beam 

protons, i.e., about 90 m. The energy loss of the 3-MeV protons at 87-deg. incidence is 
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Fig. 3-3.  Dependence of the K-X-ray yield of As on the tilt angle expressed in terms of the 

probe beam irradiation area. 
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only about 12 keV during the passage through the As-deposited layer with thickness of 

about 0.5 m (= 0.026 m/cos ). Since the X-ray emission cross-section varies very 

little for this energy difference in the As-deposited layer, the detected X-ray signal 

intensity is expected to be proportional to the areal density of As multiplied by the beam 

irradiation area. 

 

The detection limit of impurities implanted in the Si substrate has been 

successfully lowered by a factor of about 20 in proportion to 1/cos.  However, the use 

of grazing angle incidence increases not only the characteristic X rays emitted from 

impurities but also of the bremsstrahlung background emitted by secondary electrons, 

probe beam ions and recoil nuclei near the trajectory of the incident ions in the 

substrate, since the trajectory approaches the surface as the tilt angle increases, and 

therefore self-absorption of the X rays decreases.  Figure3-4 shows the irradiation area 

(1/cos) dependence of the peak intensity of the bremsstrahlung background from the Si 
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Fig. 3-4.  Dependence of the peak height of bremsstrahlung continuum on irradiation area 
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substrate. It also increases as the tilt angle increases, and becomes at  = 87 deg. about 

twice as large as the value at 0 deg. Therefore, the improvement in the detection limit, 

or in the signal to noise (S/N) ratio, is only a factor of 10 (from 11014 /cm2 improved to 

11013 /cm2), though the yield of the As K-X rays increases by a factor of 20. 

3.3.2. Reduction of bremsstrahlung background by using photo-resist as an alternative 

low-Z surface for analysis 

To reduce the bremsstrahlung background from the Si substrate, regions of the Si 

device wafers, which were covered with the photo-resist layer as a mask in the ion 

implantation process, were analyzed. Since I-line resist and the chemical amplification 

type KrF resist generally used in the ion implantation are composed mainly of low-Z 

elements, such as C, H, and O, and the bremstrahlung yield is proportional to Z2, where 

Z is the atomic number of the atom in the target material, it can be expect that the 

background from resists is lower than that from Si. Since most of the wafer surface is 

covered with photo-resist when it is in the ion implantation process, sufficiently large 

area is usually available for the large tilt angle measurement.  

Figure 3-5 shows the comparison of the PIXE spectra from two As-implanted Si 

samples; one with the photo-resist mask and the other bare Si substrate. The As ions 

were implanted at an energy of 10 keV and a dose of 51014 ions/cm2. Since the 

projected range of the 10-keV As ions, Rp, is 23.3 nm in the photo-resist, and the film 

thickness of the photo-resist was 4.4 m, all of the implanted As are stopped in the 

photo-resist. A 10-C proton beam was used for the PIXE analysis at an energy of 3 

MeV and a tilt angle of 87.5°. 
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It is shown in Fig.3-5 that the bremsstrahlung background in the photon energy 

range from 3 keV to 12 keV is reduced in the case of the photo-resist to about 1/5 

compared with that of the Si substrate, while the characteristic X rays remaining almost 

the same. That is, the S/N ratio is significantly improved, and the K and K peaks of 

implanted As are clearer.  

In addition, another contaminant Fe, that was not able to be identified in the 

spectrum for the bare Si substrate, is clearly identified in the spectrum for the 

photo-resist-covered Si. The measured areal density of Fe, ≈5x1013 Fe/cm2, is 

inconceivably large compared with that of the metallic contaminants typically seen in 

the modern ion implanters. Therefore, it is speculated that this contamination occurred 

during the preparation of the analysis samples, or that the Fe atoms are impurity atoms 

inherent in the photo-resist. 
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Fig. 3-5. Comparison of the PIXE spectra from samples implanted with 10-keV As ions at a 

fluence of 51014 cm-2; bare Si (x), and photo-resist-covered Si (). The tilt angle  was 

87.5 deg. 
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To clarify origins of these Fe levels, a number of unimplanted samples were 

analyzed. The levels of transition metals in these photo-resists were on the order of 

11011-13 atoms/cm2 Fe, Ni, and Zn were detected. The volume metallic contamination 

specs of photo-resist solutions (solvent 90 %, solute10 %) are usually 10 ppb. This Fe 

level (up to1014 Fe per 1022 solute atoms) is consistent with the observed levels of Fe 

(up to 5x1013 Fe/cm2) detected with our PIXE analysis. 

 

Figure. 3-6 shows the ion implantation dose dependence of the number of detected 

K-X rays of As measured by the PIXE analysis. A 3-MeV proton beam of 10 C was 

used as the probe beam at the tilt angle of 87°. To decrease the uncertainty in various 

factors in the measurement system, the K-X ray of Iodine was used as an internal 

standard; i.e., the number of detected X rays was normalized to that of Iodine K which 

is component of the Photoacid Generator (PAG) in the photo-resist. The volume density 
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Fig. 3-6. Implantation dose dependence of the As-KX-ray yield from the photo-resist-covered 

Si. The tilt angle= 87 deg. 
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of the photo-resist is taken as 8.571022 cm-3 for conversion into the areal density. 

The ion implantation dose used as the abscissa is the time-integrated current, 

measured with the Faraday cup equipped in the ion implanter, divided by the 

implantation area on the sample target. The broken line represents a linear relationship 

between the dose and the X-ray yield. It is shown that the linearity holds for the dose as 

low as 11012 /cm2 within an error of a factor of about 2. The growing disagreement 

near the dose of 11012 /cm2 is due to the deteriorating signal-to-noise ratio. When the 

number of the probe beam protons was doubled to 20 C, the S/N ratio was improved 

so that even the K-line was identified clearly. It can be expected that the detection 

sensitivity can be improved further by increasing the tilt angle of the sample, in 

proportion to 1/cos, if the statistics is improved by increasing the probe beam fluence. 

Depth distribution of the As implanted in the photo-resist is calculated by 

SRIM2008 [14] as shown in Figure 3-7. To measure the impurity ion implantation dose 

accurately, the depth distribution should not influence the measured X-ray yield. 

Differently from the sheet resistance metrology and the TW method, it can be expected 

that the measured value doesn't depend on the implantation depth or energy in the range 

below several MeV, because the X-ray emission cross section varies only by a factor of 

0.7, when the proton energy decreases from 3 MeV to 2.6 MeV, as discussed below. 
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Figure 3-8 shows the As ion energy dependence of the PIXE yield for As implanted 
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Fig. 3-7. Depth profiles of As atoms implanted into the photo-resist calculated by SRIM2008. 
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Fig. 3-8. PIXE spectra for 4.4 m-thick photo-resist samples implanted with As ions, showing 

insensitivity to the ion energy. 
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into the photo-resist. The tilt angle was set to 83 deg. with a dose of 51013 ions/cm2 at 

an energy of 100 keV (the projected range Rp = 0.12 m), 500 keV (Rp = 0.6 m), and 2 

MeV (Rp = 2.35 m). The film thickness of the photo-resist was 4.4 m, and the 

implanted As atoms are retained completely in the photo-resist as shown in Figure 3-7. 

At the distribution maxima, the energies of the probe beam protons incident with the tilt 

angle of 83 deg are 2.98 MeV, 2.90 MeV and 2.60 MeV, respectively. Accordingly, the 

K-X-ray emission cross section is decreased by 2 %, 8 %, and 28 %, respectively, at 

the distribution maxima. Since the X-ray yield is only weakly dependent on proton 

beam energy in the target, As signals were analyzed with an almost constant detection 

efficiency. 

3.3.3. Evaluation of cross contamination 

To demonstrate the effectiveness of the present method of sensitivity enhancement 

using the large tilt angle PIXE analysis on the photo-resist, a possible 

cross-contamination element that could be mixed while implanting the dopant atoms 

was evaluated. For these tests, a batch type high-current ion implantation machine was 

used for implantation of the sample covered with a 1.7-m thick photo-resist layer. A 

3-MeV proton beam incidence of 10 C was used to analyze the sample at the tilt angle 

of 87°. In Figure 9 the solid line shows the measured PIXE spectrum for a sample 

implanted with a 10-keV 74Ge ions (Rp = 23.3 nm in the photo-resist) at a dose of 21015 

ions/cm2. It had been taken just after finishing Ge ion implantation following the 

exchange of the ion species from As to Ge in the implanter ion source. The Ge 

implantation was made with a mass resolution m/m = 50, which allows injection of 

ions with the mass ranging from 72.52 u - 75.48 u. We notice existence of a small peak 

at the As-K line, which means cross-contamination of 75As. By normalizing the peak 
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intensity to that of Ge, the areal density of As is found to be approximately 1.791013 

/cm2 (statistical error 7.21 %, minimum limit 1.91012 /cm2). Therefore, it has been 

found that the cross-contamination of As occurs at an areal density two orders of 

magnitude lower than the implantation dose of Ge, and that the minimum limit of 

detection is 1.01012 /cm2 in spite of large peaks of Ge-K and Ge-K. It should be 

noted that it is difficult to identify the contaminant 75As by SIMS analysis because of 

possible interference by 74GeH. 

 

The short dashed line is a spectrum showing cross-contamination of As during B 

ion implantation at a dose of 11015 /cm2 into another wafer with the same implanter 

just after As ion implantation at a dose of 11016/cm2. The cross-contamination of As at 

an areal density of 1.431013 /cm2, which is two orders of magnitude lower than the 

dose of B, was identified, similar to the case of Ge.  
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Fig. 3-9. PIXE spectra just after implantation with Ge (solid line) and with B (dashed line). 

Peaks at As-K lines indicates occurrence of cross-contamination. 
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Usefulness of cross-contamination monitoring is demonstrated also for in situ 

cleaning of the system. The cleaning time dependence of the areal density of the 

cross-contaminant on the wafer surface during the beam line cleaning with an Ar ion 

beam is shown in Figure 3-10. The areal density of the cross-contaminant As decreases 

exponentially with a decay time constant of 35 min as the Ar cleaning time increases. It 

should be noted in practical application that the As cross-contamination of about 0.5% 

of the B dose remained still after 30 minutes of Ar cleaning. Recently active beamline 

cleaning techniques have been developed, using XeF2 and other chemistries, which are 

more efficient in removing dopant and other contaminants from implant beamlines [69]. 

 

3.4. Conclusion 

Two improvements in the use of PIXE analysis are described here for detection of 

cross-contamination in high-dose implants, (1) the use of grazing angle proton beam 

incidence on the wafer surface and (2) the collection of data from un-patterned regions 

of the photo resist mask layer to reduce the bremsstrahlung background levels.  The 
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Fig. 3-10. Dependence of the areal density of the cross-contaminant on Ar ion beam 

cleaning time. 
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combination of these two improvements lowered the detection level for As to 1012 

As/cm2.  The use of this improved PIXE method was confirmed in the detection of As 

cross-contaminants in high-dose B and Ge implants. It is expected that the success of 

this use of PIXE analysis for detection of low-level surface contaminants will encourage 

the development of compact proton accelerators for use as in-line process evaluation 

tools using grazing angle PIXE analysis. 
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Chapter 4. Charging phenomena during medium current ion 

implantation of carbonized photo-resist surface layers 
 

4.1. Introduction 

In ion implantation, one of the indispensable technologies in the semiconductor 

device manufacturing process, electrostatic charging phenomenon has been one of the 

most serious problems. Charging phenomenon is widely considered to be a problem that 

is limited to high current ion implantation. Therefore, the researches so far have been 

mainly carried out in the high current range, i.e., the beam current of the order of 10 mA 

and the dose greater than 1  1014 /cm2 [71, 72], and there are some popular methods for 

characterization. As a result of extensive researches, [73, 74, 75], ion implanters in 

recent years are often equipped with a plasma flood gun (PFG) [76] that supplies 

electrons and ions to neutralize the positive charge brought by the ion beam itself and 

by secondary electrons emitted from the wafer surface. However, because of the 

propagation of system LSI, it is demanded to construct a large number of small-scale 

transistors with different functions in one chip. Therefore, the necessity for implanting 

the ions with a photo-resist mask having much more complex structure has arisen. As a 

result, charging phenomenon has come to be observed also in the medium current 

implantation machines with the beam current smaller than several hundred A and 

implanting doses smaller than 5  1013 /cm2 which obliges medium current ion 

implantation machines to also be equipped with a PFG. It is difficult for conventional 

characterization tools, such as MOS capacitors with charging collecting electrodes, etc., 

to detect these phenomena, and the mechanism is not yet clarified. Figure4-1 shows a 
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typical result of the wafer charging phenomenon in a medium current ion implanter. The 

charging phenomenon in the medium current range strongly depends on the aperture of 

the mask, or the area ratio of the aperture and the mask area, and the mask pattern 

arrangement of the chips. We also notice a strong dependence on the chemical 

composition of the photo-resist 

 

Similarly to the wafer charging phenomenon, research on the interaction of 

implanted ions and the photo-resist has been done primarily only in the high dose range. 

It has been said that implanted impurities become cores of the cross-linking reaction 

which induces formation of the carbonized layer on the surface of the photo-resist [77, 

78]. Most of current researches discuss the photo-resist surface completely carbonized 

by the ion implantation and the removal method of the carbonized layer [79, 80, 81]. 

Because the carbonized layer formed on the photo-resist surface by the ion implantation 

can not be dissolved in strongly acidic solutions, e.g., HF solution, for chemical analysis, 

examination of the mechanism of quality change is extremely difficult. In addition, the 

photo- resist used for a mask of the ion implantation is required to have increasingly 

high resolution as in the case of microfabrication like dry etching, etc., i-line 

photo-resist tends to be replaced by KrF photo-resist. These conditions make the 

 

Fig. 4-1. A typical result of the wafer charging phenomenon in a medium current ion implanter.
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mechanism of the quality change more complex. 

In the present work, to examine charging phenomenon in medium current 

implanters, the potential on the surface of the wafer immediately after ion implantation 

has been measured for the first time with a surface potential measurement tool based on 

an electrostatic voltmeter. The carbonized layer on the surface of the photo-resist is 

analyzed by using a TOF-SIMS analysis method [82]. Moreover, the thickness of the 

carbonized layer is measured with a Surface And Interfacial Cutting Analysis System 

(SAICAS) [83], and the relation in the medium current implantation regime between the 

thickness and the ion implantation condition is discussed to investigate the relation 

between change in photo-resist quality and wafer charging phenomenon. 

4.2. Experimental Procedure 

Two-hundred-millimeter-diameter p-type Si (100) wafers with a resistivity of 10 - 

15 cm were used in this study. The photo-resists used were several kinds of the 

chemical-amplification-type KrF resist and the i-line resist. The thickness of the 

photo-resist after coating was around 1.0 m. The wafers were implanted with As, P and 

B ions using a single-wafer-type medium current implanter at ion energies ranging from 

9 keV to 50 keV with doses from 11013 to 51015 ions/cm2.  
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A schematic diagram of the surface potential measurement system is illustrated in 

Figure 4-2. An electrostatic voltmeter (TREC: MODEL541) [84] is used in this system 

and the back side of the wafer under measurement are connected to the machine ground. 

The distance of the surface of the wafer and the probe tip is always kept 1mm, and in 

order to scan accurately on the wafer at intervals of 2 mm, the probe is fixed by an 

automatic transportation arm. The lateral resolution is a circular region with about a 5 

mm diameter. Information on the measurement position and the measured value of the 

potential is saved in a control computer automatically. SAICAS (DATPLA WINTES Co. 

Ltd., : DN-20) and TOF-SIMS ( Physical Electronics: TRIFT-2) were used to analyze 

the carbonized layer on the surface of the photo-resist. 

4.3. Results and Discussions 

 4.3.1. Relations between carbonized layer and implanted impurities 

First, SEM measurements were done to examine dose dependence of the formation 
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Fig. 4-2. A schematic diagram of the surface potential measurement system. 
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of the deformed or transformed layer. Figure4-3 shows the SEM cross-section images 

after removal processing by isoamil acetate. A layer of some transformed material at the 

surface of the photo-resist is observed when the ion dose is equal to or greater than 

1×1014 /cm2. This layer is difficult to remove as has already been reported [71]. 

However, it is confirmed that a thin film of the degenerated photo-resist residue was formed 

even at the dose smaller than 1x1013 /cm2 as is seen in the uppermost image in Fig. 4-3. 

 

In order to clarify the process of quality change, the surface of the high-dose 

implanted photo-resist was cut off with a slope of 1/1000 by the SAICAS method, and 

the ground surface was analyzed by TOF-SIMS. Figure 4-4 shows an example of the 

image of the SAICAS-applied surface. The P ions were implanted at an energy of 50 

keV and a dose of 51015 ions/cm2. As for the non-implanted sample, cutting-off with a 

desired slope was possible everywhere on the photo-resist. However, the ion implanted 

sample did not allow cutting-off with such an extremely grazing angle. A step with a 

height of about 100 nm was created on the surface, as shown in Fig. 4-4(a). Cutting-off 

at the desired slope was possible only for the deeper portion of the bulk resist. It is 

Dose: 11013/cm2

Dose: 11014/cm2

Dose: 11015/cm2

Dose: 11016/cm2

 

Fig. 4-3. The SEM cross-section images after removal processing by isoamil acetate. The P 

ions were implanted at an energy of 50 keV. 
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inferred that this phenomenon is linked to the presence of the carbonized layer that was 

hardened by the ion implantation. So, these samples were divided into five areas (Table 

4-1), and were analyzed by TOF-SIMS (primary ion= Ga, energy= 15keV) 

independently. 

 

TABLE 4-I 

Measurement point 1 Implanted surface（P） 

Measurement point 2 Implanted on the ground surface at 100 nm from the original 

surface 

Measurement point 3 Implanted on the ground surface at 250 nm from the original 

surface 

Measurement point 4 Non a virgin surface 

Measurement point 5 Non an arbitrary point on the ground surface 

 

Figure 4-5 shows comparison of the ion intensity ratio measured by TOF-SIMS. 
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Fig. 4-4. The example of the image of the SAICAS-applied surface. (a) Implanted 

sample The P ions were implanted at an energy of 50 keV and a dose of 51015 

ions/cm2. (b) Non-implanted sample. 
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The ion intensity ratio was normalized to the intensity of carbon. The implanted P exists 

only in the measurement point 1. However, the signal related to the P-C bond, that could 

indicate that the implant P were a core of the cross-linking reaction, was not detected at 

all. Instead, the signal related to the P-O bond was detected definitely. This implies that 

the carbonized layer is formed as a result of the cross-linking reaction, the cores of 

which are not the implanted impurities themselves, but the bases containing the 

impurity and oxygen atoms in the photo-resist. 

 

4.3.2. Thickness of carbonized layer 

Dependence of the thickness of the carbonized layer on the implantation energy is 

examined. The thickness was deduced from the above-mentioned step created by 

application of SAICAS, as explained in the following. 

 

                                 

0

0.2

0.4

0.6

0.8

1

1.2

C P PO2 PO3

Io
n 

in
te

ns
it

y 
ra

ti
o

0

0.2

0.4

0.6

0.8

1

1.2

C P PO POH

Io
n 

in
te

ns
it

y 
ra

ti
o

Positive ions

Negative ions

Measurement point 1

Measurement point 2

Measurement point 3

Measurement point 4

Measurement point 5

PO2 PO3

 

Fig. 4-5. Comparison of the ion intensity ratio measured by TOF-SIMS. 

 



 - 64 -

First of all, 9-keV boron ions, 25-keV phosphorus ions and 42-keV arsenic ions 

were implanted with the same dose of 51015 /cm2. They all have the same stopping 

range Rp (= 65 nm) in the photo-resist on the Si wafer. They are then processed by the 

SAICAS method, and the step height is measured. The data were taken at 20 points on 

every sample averaged to have the thickness of the carbonized layer. 

 

Next, the photo-resist film thickness is measured by the spectroscopic ellipsometry 

(SE) both for the implanted sample and a non-implanted one. The implanted 

photo-resist is divided into two regions; the carbonized surface layer and the unaffected 

rest. It is difficult to construct any model to evaluate the carbonized layer by SE. 

Therefore, only the unaffected photo-resist layer thickness were taken into account; 

subtracting this thickness from the initial film thickness, a temporary value were 

obtained for the carbonized layer thickness. Comparing the temporary value with the 
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Fig. 4-6. The energy dependence of the carbonized layer thickness was examined 

by implantation of P and As. Tc is plotted as a function of Rp.  
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carbonized layer thickness determined with SAICAS, the ratio is calculated to define a 

shrinking percentage. The shrinking percentages, Fs, thus calculated are 1.0 for B, 0.885 

for P, and 0.790 for As, respectively, and corrects phenomenologically for combined 

effects of the implant range straggling and those related to SE; The carbonized layer 

thickness, Tc, is calculated from the initial thickness, Ti, and the SE thickness, TSE, by a 

relation;  SEisc TTFT  . 

The energy dependence of the carbonized layer thickness was examined by 

implantation of P and As that have large shrinkage percentages. The P and As ions were 

implanted at an energy of 25 - 50 keV, and 20 - 50keV, respectively, and a dose of 5  

1015 ions/cm2. Figure 4-6 shows the result, where Tc is plotted as a function of Rp. The 

carbonization layer film thickness increases basically almost proportionally to Rp with a 

slight dependence on the ionic species. This is a firm evidence for the contribution of 

the stopping power of the photo-resist to the formation mechanism of the carbonized 

layer. It is inferred that the molecular bond is cleaved by the kinetic energy of implant 

ions which are incorporated to the photo-resist molecules to form mainly oxide groups, 

and the cross-linking reactions develop afterwards. The amount of the cross-linking 

reaction increases with the implantation dose until the carbonized layer is formed. 
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In order to clarify the relation between the implantation condition and the 

carbonized layer thickness, a simulation software SRIM2008 [85] was used. The result 

of the simulation for the relevant ions are shown in Fig. 4-7, where depth distributions 

of the implant ions and the recoil oxygen atoms in the photo-resist are shown for the 

implant dose of 5  1015 /cm2. The degenerated layer thicknesses (Ti-Tse) obtained as 

mentioned above are also indicated in the figure. It is found that the carbonization takes 

place in the region with recoil oxygen densities greater than 31021 /cm3, 61020 /cm3 

and 11020 /cm3, for B, P and As, respectively. These values are considered to be the 

critical values for carbonization. 
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Fig. 4-7. Depth distributions of the implant ions and the recoil oxygen atoms using by 

SRIM2008. The photo-resist density of 0.95 g/cm3 and the stoichiometry of 'C:H:O=5:8:2' 

were used in the calculation. 
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It is then possible to hypothesize that the sample begins to be carbonized when the 

maximum Oxygen recoil density reaches the critical density. Since the peak density of 

the recoil Oxygen increases proportionally to the implant ion dose, it is inferred that the 

critical dose, at which the carbonization begins to take place at the depth of maximum 

oxygen density, is 1.5  1015 /cm2 for B, 8  1013 /cm2 for P and 1  1013 /cm2 for As. It 

should be noted that the carbonization by P and As takes place in the medium current 

implantation regime, i.e., the dose  1  1014 /cm2, while B has a high critical dose 

exceeding 1  1015 /cm2.  

 

4.3.3. Mechanism of the carbonized layer formation 

Next we examine deterioration of the removal performance due to the formation of 

the carbonized layer on the surface of the photo-resist. Molecular configurations and 

some bond energies of the photo-resists are schematically shown in Fig. 4-8. It should 

be noted that every segment with the minimum bond energy has an oxygen atom, 

regardless of the kind of the photo-resist.  
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Fig. 4-8. Schematic diagrams of molecular configurations and some bond energies of the 

photo-resists.  
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Phosphorous ions were implanted at an energy of 50 keV and a dose of 1  1014 

ions/cm2 into three kinds photo-resist of the photo-resist with different bond energy 

[86]; the i-line photo-resist, the acetalic KrF acrylic photo-resist, and the acrylic KrF 

photo-resist. The number of the photo-resist residuals, measured by a wafer surface dark 

field defect inspection system, is plotted against the minimum bond energy in Fig.4-9. 

The amount of the photo-resist residuals increases with decreasing minimum bond 

energy. It is inferred that the mechanism of carbonized layer formation on the 

photo-resist surface by ion implantation can be as follows. The molecular bonds of the 

photo-resist are cleaved by the energy of the implanted impurities most abundantly at 

the segments with the smallest bond energy, which contain oxygen without exception. 

At these radicals oxygen pickup reactions by the implant phosphor atoms occur as well 
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Fig. 4-9. The number of the photo-resist residuals was measured by wafer surface and dark 

field defect inspection system, is plotted against the minimum bond energy. The minimum 

defect size is 0. 1 m. 
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as the cross-linking reactions. Thus losing the oxygen and Hydrogen atoms, the 

carbon-rich layer is formed to finally become the carbonized layer. The photo-resist 

materials with lower minimum bond energy are apt to form the deteriorated layer more 

easily. Recently, the degree of integration and performance required for semiconductors 

are becoming more and higher, and accordingly the photo-resists material has to be 

more and more sensitive and reactive, which makes the bond energy of the candidate 

material lower and lower. KrF photo-resists need higher resolution than i-line 

photo-resists, and so the minimum bond energy is lower. This difference in the 

minimum bond energy should be the reason for the difference in the threshold dose for 

the deteriorated layer formation between KrF and i-line photo-resists. 

4.3.4. Surface potential of the wafer and discharge 

The photo-resist is a complete insulator before the ion implantation. However, 

when the carbonized layer is formed, it is considered that the surface is changed into a 

conductor. Therefore, there are possibilities that this conversion of the photo-resist 

surface affects the charging phenomenon during the ion implantation. Then, a capacitor 

model is developed here to treat the problem quantitatively. As is well known, the 

electrostatic capacitance Cm of a dielectric film with an area of S and a thickness of dm 

sandwiched between two electrodes is expressed as follows; 

m
0mm d

S
C  ,       (4-1), 

where 0 and m is the permittivity of free space and the relative permittivity of the 

film material, respectively. In our typical case of the Si wafer covered with a layer of 

0.4-m-thick silica (SiO2 = 4.2) and that covered with a 1-m-thick photo-resist film 

(res = 3.0), with a carbonized layer on the top of the photo-resist, CSiO2/S = 9.3 nF/cm2 
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and Cres/S = 2.7 nF/cm2. For the portion covered with both the layer and the film, the 

formula for the series connection of the capacitors as applied to have CSiO2+res/S = 2.1 

nF/cm2. Then the surface potential induced by ion implantation can be calculated from,  

SC

SQ

C

Q
V

mm
m  ,      (4-2) 

where Q = eFS is the charge introduced by the implantation up to a dose of F 

[/cm2]. From the values evaluated above, it is expect that SiO2V =170 V, resV = 600 V and 

resSiO2V =780 V for a dose F = 1  1013 cm-2. 

 

The surface potential was measured for the Si wafer with the above mentioned 
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Fig. 4-10. The surface potential was measured for the Si wafer with the above 

mentioned geometry implanted with 40-keV P ions at a current of 100 A 

up to a dose of 1  1013- 1  1014 ions/cm2 by using a single-wafer type 

medium current implanter.  
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geometry implanted with 40-keV P ions at a current of 100 A up for a dose of 1  1013- 

1  1014 ions/cm2. A single-wafer type medium current implanter was used, which is 

equipped with a suppressor for the secondary electrons from the surrounding of the 

wafer (without a PFG system). The results are shown in Fig. 4-10, where Vm calculated 

from Eq. (4-1) and Eq. (4-2) is expressed as the thin broken line. The surface potential 

increases linearly with the implantation dose up to 5  1013 cm-2, and saturates at about 

150 V. However, the absolute values are lower than the theoretical values Vth by a factor 

of 5.7. Since a PFG is not used in the present implanter, the discrepancy should be due 

to incomplete suppression of incidence of electrons carried by the ion beam and those 

emitted from peripheral structural components. The surface potential of the SiO2 film 

reaches its maximum value of about 150 V at the dose of 6  1013 cm-2, and begins to 

decrease for the higher dose. This is considered to be due to leakage or breakdown. The 

experimental value of the saturation field of 150 V divided by 400 nm is smaller than 

theoretical value, which is due to the effects of the implanted ions; introduction of 

foreign atoms, introduction of charge, and damage along the implanted ion paths. This 

phenomenon also is due to the effects of the electrons: transported with ion beam, and 

the secondary electron supplied to the wafer by a peripheral equipment component. 

If the surface potential exceeds 150 V, the electric charges on the oxide film should 

leak out and the surface potential would decrease. 
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Next, a 400-nm-thick SiO2 covered wafer, which has a 1-m-thick i-line 

photo-resist coating with a 360-mm2 square opening, was prepared to examine the dose 

dependence of the voltage distribution on the implanted surface. Figure 4-11 shows the 

surface potential distribution measured for different doses of implantation. At the dose 

of 1×1013 /cm2, the surface potential is almost constant over the wafer, irrespective of 

the pattern of the photo-resist on the SiO2. This is considered to be a result of charge 

neutralization by stray electrons which rush into the photo-resist surface, which 

otherwise might have had a very large potential as mentioned above, and possibly 

resulted in discharge.  

When the dose is increased to 21013 cm-2, the potential approaches the critical 
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Fig. 4-11. The surface potential distribution measured for different doses of 

implantation. A 400-nm-thick SiO2 covered wafer, which has a 

1-m-thick i-line photo-resist coating with a 360-mm2 square opening, 

was used. 
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value of 150 V for the charge leakage or the breakdown. The nonlinear three-fold 

increase with two-fold increase in the dose means a deficiency of the stray electrons in 

the surrounding space. The dips at the boundary might suggest that the breakdown or 

the leakage is easier to take place at the material boundary. 

At doses well above this dose, the accumulated charge makes the potential greater 

than 150 V everywhere, as is seen in the case of the dose of 7  1013 cm-2. However, the 

potential on the SiO2 film cannot exceed the critical value of 150 V, at which the SiO2 

film start to be degraded and the charges on the surface begin to leak as has been shown 

in Fig. 4-10. The dose 7  1013 cm-2 is nearly equal to the critical dose of P (8  1013 

cm-2) for carbonization. Therefore, it is thought that an almost completely carbonized 

layer is formed on the surface of the photo-resist at this stage. The increased mobility of 

the charge on the carbonized layer does not allow for the potential on the photo-resist 

surface to grow much greater than that on the SiO2 surface. The carbonized layer on the 

photo-resist is then considered to play a role of a collector of the charges that flow into 

the SiO2 region and are discharged mainly at the boundary. 

Thus, it has been shown that, even in the machines with the low beam current of 

the order of 100 A, the photo-resist plays the role of a capacitor or a charge collector, 

which supplies the accumulated charge through the carbonized layer into the open area, 

and induces leakage or breakdown at relatively low dose of the order of 1013 ions/cm2.  

4.3.5 Consequences of the charging phenomena in actual devices 

Figure 4-12 shows the surface potentials for KrF photo-resist compared with those 

of i-line photo-resist. In the case of the KrF photo-resist, the electric charges flow onto 

the open SiO2 area at the dose as low as 1x1013 cm-2, while no charge flow is observed 

for the i-line photo-resist. The reason is as follows; at the surface of the KrF photo-resist 
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with lower minimum bond energy the carbonized layer is more easily formed, which 

allow the electric charges to flow onto the SiO2 film even at the low implantation dose. 

 

Next, a sample was prepared that has a structure similar to the actual device, and 

ion implantation was done with P ions at an energy of 40 keV up to a dose of 1.8  1013 

cm-2. The thickness of the oxide film is about 10 nm, and shallow trench isolation (STI) 

has a thickness of about 400 nm. The surface potential distribution is shown in Fig. 4-13. 

Five steps corresponding to five regions with different permittivity in the potential 

distribution can be recognized. As is supposed from eq. (4-1) and (4-2), the height of 

the steps increases with decreasing capacitance except on the STI. This exception 

clearly shows that the accumulated charge in the photo-resist region is flowing into the 

uncovered SiO2 region through the STI region, which increases the charge on the STI to 
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Fig. 4-12. The surface potentials for KrF photo-resist compared with those of i-line 

photo-resist. Ion implantation was done with P ions at an energy of 40 keV. 
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raise the potential there, and a potential difference of about 130 V is established across 

the boundary between the thin oxide film. Because the electric field strength, induced 

by a 130 V difference across the transient region of about 3 nm thickness as seen in the 

figure, would exceed several hundred MV/cm, it is easily supposed that the 

explosion-like discharge as shown in Fig. 4-1 is triggered. 

 

The surface potential increases with decreasing area of the uncovered region as is 

shown in Fig. 4-14. For this measurement, As ions were implanted at an energy of 30 

keV up to a dose of 2  1013 ions/cm2 into a 400-nm-thick SiO2 film on a Si wafer with 

the KrF photo-resist coating. Extrapolating the dependence to the actual dimension of 
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Fig. 4-13. The surface potential distribution of a sample having a structure similar to the 

actual device. Ion implantation was done with P ions at an energy of 40 keV up to a 

dose of 1.8  1013 cm-2. The thickness of the oxide film is about 10 nm, and shallow 

trench isolation (STI) has a thickness of about 400 nm. 
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the devices, we can easily assume much smaller threshold dose for the explosive 

discharge. 

 

 

     

0

50

100

150

200

1.E+01 1.E+02 1.E+03 1.E+04

Photoresist open area (mm2)

Su
rf

ac
e 

vo
lt

ea
ge

 (
V

)

10410310210

Su
rf

ac
e 

P
ot

en
ti

al
 (

V
)

               

Fig. 4-14. The surface potential increases with decreasing area of the uncovered region. 
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Fig. 4-15. The voltage shift Vt increasing in proportion to the surface potential caused 

by the ion implantation. 
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The rapid rise of the surface potential would induce unexpected influence in an 

actual device. One is the phenomenon of threshold voltage shift in N-channel transistors. 

Figure 4-15 shows the voltage shift Vt increasing in proportion to the surface potential 

caused by the ion implantation. A schematic of the transistor is shown in Fig. 4-16. In 

this case, the open area has a dimension of 1 m x 1 m, and the most of the open area 

is occupied by the STI with a 400-nm depth. Into the pocket 70-keV/100-A B ions 

were implanted up to a dose of 4  1012 cm-2 successively after 30-keV /250-A P ions 

were implanted up to a dose of 4  1013 cm-2 into the extension. The value Vt is the 

difference in the threshold voltage Vt between those without and with the PFG in the 

process of the extension P implantation. In all other processes, they were treated 

similarly.  

 

In general, the surface potential at the middle of the wafer is high compared with 

the peripheral region. This is because the secondary electrons are supplied from the 
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Fig. 4-16. A schematic of the transistor. The open area has a dimension of 1 m x 1 m, 

and the most of the open area is occupied by the STI with a 400-nm depth. 
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edge-cut part with about 5-mm width in the outermost part of the wafer. Since the 

lateral resolution of the electrostatic voltmeter probe is 5 mm, the measured values are 

the mean values averaged over the surrounding area, and are lower than the maximum 

value. It is easily supposed from the result of Fig. 4-16 that the surface potential would 

exceed several hundred volts in the relevant area after the extension P implantation The 

surface potential rise affects the B beam pocket implantation through changes in the 

incident angle, current density, etc, which would induce an under-dose phenomenon.  

It is easily supposed that phenomena similar to the above-mentioned case will take 

place more frequently, as the tendency to replace the devices by system LSIs is further 

developed from now on. Consequently, there will be increased necessity to cope with 

the pattern-effects in medium current ion implantation machines that have not been the 

problems up to now. 

4.4. Conclusion 

Formation of the carbonized layer takes place in the medium current ion 

implantation machines on the surface of the photo-resist even at relatively low doses, of 

the order of 1 x 1013 ions/cm2. The molecular bonds of the photo-resist are cleaved by 

the kinetic energy of the implanted impurities mainly at the portions containing oxygen 

with the smaller bond energy, where oxygen pick-up reaction by the implant ions and 

cross-linking begins to take place, and the carbonized layer is finally formed. This 

means that the photo-resist materials with lower minimum bond energy are more likely 

to form a carbonized layer.  

When the carbonized layer is formed on the surface of the photo-resist, it plays the 

role of a capacitor, which transfers the accumulated charge to the open area, which 
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induces a large electric field at the STI, for example, often resulting in damaging 

discharges. It is easily supposed that phenomena similar to the above-mentioned case 

will take place more frequently, as the tendency to replace the devices by LSIs is further 

developed from now on. Consequently, there will be increased necessity to cope with 

the pattern-effects in medium current ion implantation machines that have not 

experienced these problems up to now. 
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Chapter 5. Conclusion  

 

The high controllability and reproducibility of ion implantation technology has 

formed the basis for the continued progress toward miniaturization and higher 

performance of Si semiconductor devices. To control the manufacturing variations for 

the next generation semiconductor devices with successively greater miniaturization and 

higher performance requires analysis and control of the damage produced in the 

semiconductor material by the ion irradiation. The manufacturing variations are a 

difficult problem issued in mass production factories but not at the research laboratories. 

The techniques to evaluate the semiconductor material damage by ion irradiation have 

then been examined in the present work, to develop analysis technologies which can be 

used in-line, or will possibly be available in the future. The conclusions are summarized 

as follows: 

(1) The thickness of the amorphized layer formed on the Si substrate by ion 

implantation, was measured using the spectroscopic ellipsometry (SE), and the quality 

of the amorphous-crystalline boundary was evaluated. Comparison of the amorphized 

layer thicknesses measured by the SE, the HR-RBS and the X-TEM showed that the 

layer thickness by the SE extends to the high-damage region of the 

amorphous-crystalline boundary transition region. In addition, this region is extremely 

sensitive to its thermal history, and it has been found that the activation energy for the 

recovery of crystallinity of the amorphized layer is 0.17 eV, which is an order of 

magnitude lower than the activation energy perceived for usual implantation damage.  

By utilizing this sensitivity of the boundary layer to thermal history, it is possible 

to evaluate the implantation beam characteristics. The relationship between the ion 
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beam parameters and the amorphized layer thickness was then examined. These results 

showed that the amorphized layer thickness increases with the ion beam current within 

the region of the boundary, and depends also on the implantation dose and the ion 

energy. It was also found, from comparison with the concentration of recoil Si atoms 

calculated with a Monte Carlo simulation code, SRIM, that the critical density above 

which the layer is regarded as the amorphized layer is 11022 cm-3. 

The SE finds frequent use as a thickness gauge for, e.g., SiO2, in semiconductor 

production processes. In this respect, it is expected that the findings of the present study 

could be indispensible not only for the development of semiconductor devices, but also 

for an in-line method of evaluating the ion implanter characteristics in semiconductor 

plants. 

(2) The grazing-angle incidence PIXE method was successfully applied as a 

method to evaluate the cross-contamination. The lower limit for detection of impurities 

in the Si substrate has been around 11014 cm-2 with use of the conventional PIXE 

method. By implementing grazing-angle incidence the detection limit is lowered in 

proportion to 1/cosθ. Consequently, the lower limit for detection was successfully 

reduced to 11013 cm-2. This inevitably increases signals of the background X rays due 

to bremsstrahlung from the Si substrate also increasing in proportion to 1/cosθ. So, 

attention was focused on the photo-resist, which is used almost without exception as a 

mask during ion implantation. With the grazing angle-incidence the relative decrease in 

the bremsstrahlung background can be expected since the emission rate is independent 

of the incident angle. The resulting lower limit for detection of impurities was lowered 

successfully to 11012 cm-2. This means that the control of a cross-contamination of 

approximately 1 % could be possible. 
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Then, the amount of cross-contamination in a batch-type high-current ion 

implanter was measured. The result was that the cross-contamination of the order of 

1 % can be detected. It was also found that cleaning by Ar beam irradiation can not lead 

to any significant reduction in the cross-contamination. 

Given the recent trend toward compact accelerators, in-line use of 

grazing-angle-incidence PIXE is a real possibility in the near future. 

(3) An evaluation of the charging phenomenon, which happens during irradiation 

of the photo-resist surface, was performed with the aid of a surface potential 

measurement tool. A carbonized layer due to the ion implantation began to be formed on 

the photo-resist surface even in the dose range of 11013 cm-2. This layer is formed 

because the photo-resist molecules are broken down by the impact of the implanted ions 

to release hydrogen atoms, which results in hydrogen gas emission and cross-linking 

reactions of the carbon-rich residues. The layer is formed more easily for the 

photo-resist having a molecular structure with low binding energy. Through the 

carbonized layer with a low resistance on the photo-resist surface, the accumulated 

charge introduced on the photo-resist by the implanted ions flows into the aperture. This 

inflow of the charge into the aperture causes severe problems such as the explosion-like 

discharge issue even in the medium-current implanters. 

Compared to the i-line photo-resist, this phenomenon is more prominent in acetal 

KrF photo-resist, whose molecule has a minimum binding energy even lower than the 

former, and would occur even for a dose less than 1  1013 cm-2. From now on, both 

improvement of photo-resist material which accompanies the continued trend of 

miniaturization of devices, and the diversification of aperture ratios which accompanies 

continued leveling up of the system LSI, is considered to increase the risk of occurrence 
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of the charging phenomenon in medium-current ion implantation. 

In summary, the techniques to evaluate semiconductor material damage by ion 

irradiation were developed using analysis techniques which can be used in-line in 

semiconductor manufacturing facilities, or will possibly be available in the future. This 

made it possible to clarify some of the main factors causing manufacturing variations in 

ion implantation which had been previously unclear. 

In the future, in response to the likely further advances in the digitalization in the 

society, semiconductor devices become more and more important. For semiconductors, 

playing the most important role in the intellectual part of the infrastructure of the society, 

besides the requirements of small size and high performance, “stability” needs to be 

pursued as a top priority. The evaluation techniques developed in the present study, and 

the clarification of the mechanism for ion irradiation damage in semiconductor 

materials which has been obtained by means of these techniques, will surely contribute 

to the stability of characteristics of the semiconductor components that forms the basis 

for stability of the semiconductor devices as a whole. 

The ion irradiation damages in semiconductor materials whose mechanisms have 

been revealed in the present study are only in a small part of the phenomena. An 

important point for the further development in stability of semiconductor devices is the 

further effort toward verification of the effect of ion irradiation on a myriad of new 

semiconductor materials developed in the future. 
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