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ABSTRACT 

Ion Beam analysis, in particular RBS-Channeling has been used to characterise the 
damage caused by low energy 11B implantation in Si(IOO). 
Samples implanted with 11B have been investigated for implantation energies ranging 
from 100 eV to 160 keV. The implanted dose was varied from 5*1013/cm2 to 
1.4*1016/cm2

. Following implantation the samples were given a Rapid Thermal Anneal 
(RTA) treatment. 
The channeling behaviour of the samples both as implanted and aft er annealing has 
been compared with theoretica! models. Transmission Electron Microscopy(TEM), 
Secondary Ion Mass Spectrometry(SIMS), and Hall v/d Pauw measurements are used 
to obtain additional information. 

In the as implanted samples two separate regions with damage are found: 
I Damage formation was found to take place at the surface ofthe sample. Using 
TEM the damage at the surface has been identified as being an amorphous layer. 
Recoiling oxygen atoms from the native Si02 were shown not to be the cause of this 
amorphous layer. 
II Damage formation around the projected range ofthe implanted 11B was found 
for samples where the maximum B concentratien exceeded 2*1020/cm3

. 

The damage at the surface was found to disappear for annealing(RTA) temperatures of 
600°C and higher. Damage around the projected range ofthe implanted B was found 
to be increased aft er annealing at temperatures of 700°C to 900°C for the samples with 
a maximum B concentratien between 2*1020/cm3 and 2*1021/cm3

. No damage could be 
detected for samples implanted with 1016 B/cm2 or less after annealing at 1200°C. 

For the samples implanted with B with an energy of 10 keV or less several defect types 
are discussed that can cause the channeling behaviour found. No extended defects such 
as {311 }-defects could be found for samples implanted at these energies. Fora sample 
implanted with 40 keV B extended defects such as {311 }-defects are found with TEM. 
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1. Introduetion 
Ion implantation is aan important technique for the fabrication ofMetal Oxide Semiconductor 
(MOS) devices. Device dimensions shrink by a factor 2 every 2-3 years to obtain a higher 
switching speed and an increased packing density. T o maintain electrical characteristics 
suitable for device operation, not only channellength [di stance between souree and drain 
region] but also source/drainjunction depth must decrease. 
In figure 1 a schematic representation of a p-type channel MOS transistor is given. The 
junction depth is the depth in the souree/drain region where the charge carrier concentration 
becomes less than the concentratien of charge carriers in the substrate( -1017 /cm3

). 

Gate 
oxide~ 

p+-type ./ 
souree 

Gate 

n-type 
substrate 

figure 1 Schematic of a p-type channel MOS transistor 

" p+ -type drain 

Lowering the implantation energy is a logical step to obtain a smaller junction depth. 
Unfortunately at low energies the damage density and the top concentration ofthe implanted 
boron is much higher than for high energy implantations, for the same implanted do se. T o 
obtain a sheet resistance of 1k.Q required for the 0.18J..l generation a B dose >1-3*1014 at 
11B/cm2 will have to be implanted[STI96]. 
Furthermore at low energies the acceptance angles for channeling become very large and this 
will cause an enlargement ofthe penetratien depth ofthe implanted dopant. For the activation 
of the implanted dopant a thermal treatment is required which causes diffusion. Decrease in 
junction depth by lowering the implantation energy will eventually be negligible in comparison 
with the ditfusion length ofthe dopant during the thermal treatment[COL97]. 
The fabrication of a shallow junction is more difficult for pnp transistors [ where B is the 
dopant] than for npn transistors [As, P, Sb]. Because ofthe relative low atomie number ofB 
the projected range in the solid is higher for the same implantation energy so lower 
implantation energies are required, and an implantation with the same projected range has a 
broader profile. This complicates the reduction in junction depth. 
It is necessary to have an insight in the type of damage that is aresult ofthe implantation to be 
able to determine the optima} combination of implantation energy and thermal treatment to 
obtain a shallow junction with good characteristics. 
Typical junction depths are 70 nm for the 0.18J..l generation. The 0.18J..1. generation must be in 
production in 2001. F or the next generation the junction depth must scale down to 5 0 nm and 
even 30nm for the generation after that. The projected rangefora 10 keV 11B implantation is 
approximately 37nm so the implantation energy must certainly be lower than this. 
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In this work Ion Beam Analysis (in particular Rutherford Backscattering Spectrometry) will be 
used to investigate Si wafers implanted with 11B. The implantation energy was varied between 
100 eV and 160 keV. RBS-channeling does not facilitate the detection ofthe implanted B 
itself What can be detected is the lattice distortion caused by the implanted B. 
The amount and type of lattice damage is examined and the effect of a thermal treatment is 
investigated. The results of channeling measurements are compared with results from electrical 
activation measurements, Secondary Ion Mass Spectrometry, and Transmission Electron 
Microscopy Measurements. 
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2. Sample preparation 

2.1 Implantation of11B 

In this report baron implantations in (1 00) Si are investigated with implantation energies 
ranging from 100 eV up to 160 keV. In this section the processes occurring during 
implantation are discussed tagether with other preparatien steps. 

2.1.1 The imp/antation system 

In this work most implantations have been performed with a Low Energy Ion 
Implantation(LEIT) system which is part of a setup forMolecular Beam Epitaxy(MBE). With 
this system implantations have been performed with ion energies ranging from 1 OOe V up to 
10keV. Implantations with anion energy higher than 10 keV were doneon the High Voltage 
ion implanter built by J. Politiek[LIG86]. 
During an implantation on the LEIT system the wafer is rotated around the surface normal to 
obtain a uniform ion distribution. T o prevent channeling of the implanted i ons the beam is 
scanned over the wafer, hereby the angle between incident beam and surface normal varies 
from -5° to +20°. 
The LEII system scans the entire 6" wafer during implantation for implantation energies up to 
5keV. For the 10 keV implantation this is no langer the case, here the dose at the edges ofthe 
wafer will be lower than in the middle. 
The do se is determined by direct integration of the current that flows from the wafer to ground 
potential during implantation. This current could be influenced by secondary electron 
emission( electrans that are emitted from the wafer as a consequence of the implantation of the 
ions) or by backscattering ofions that are stripped during the interaction with the wafer. 

A dose calibration is performed by determining the ratio between the integrated current during 
implantation and the dose measured with Secondary Ion Mass Speetrometry (SIMS). This is 
done for all implantation energies used. 
This ratio is used for other implantations with the same implantation energy to obtain the 
implanted dose from the integrated current. 
For the 10 keV implantations this ratio between integrated current, and dose determined with 
SIMS varied between implantations, certainly when the implantations are not performed the 
same day. For implantations where the dose has to be known accurately a dose determination 
with SIMS is necessary. 

All implantations on the LEII system have been performed on 150 mm n-type (100) Si wafers 
with a specific resistivity of 1000 ncm. The wafers were not treated or cleaned prior to 
implantation. All wafer handling was done under clean room conditions (class 100). 
A 200°C pre bake step to remave H20 was performed befare the wafers were introduced into 
the UHV implantation chamber. 
The 11B implantation was performed using a beam current ofapproximately 100J..1A[±25J..1A for 
the 100 eV implantations, ±50-150J..l.A for the 0.25-10 keV implantations]. The samples were 
not caoled during implantation, the temperature in the implantation chamber was kept 
somewhat below room temperature by using a cryoshield. 
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2.2 lherma/ treatment 

After implantation the Si lattice is damaged and a large part of the implanted i ons occupy 
interstitial, electrical not-active sites. To remove the implantation damage and get the 
implanted i ons on electrically active sites the samples get a Rapid Thermal Anneal (R TA) 
treatment. This RT A treatment was given with an AG Inc. Heatpul se 610 optica) annealing 
system in a nitrogen ambient. Before annealing, the samples are cleaned by rubbing them over 
a teflon surface in demi-water and blowing them dry with nitrogen. The annealing temperature 
is assumed to be accurate within 25°C [STI96]. 
An RTA treatment is preferred over a conventional furnace anneal for two reasons: 

1 During a conventional furnace anneal often extended defects are generated. The 
application of an R TA treatment strongly red u ces the formation of these defects. 

2 F or the creation of shallow junctions boron ditfusion should be rninirnised, by 
reducing the annealing time ditfusion is reduced. 
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3. Theoretica} considerations 

3.1 Stoppingprocesses and range of 11 B in silicon 

When ions are implanted into solids there are two processes that mainly cause the energy loss 
of the ion. First there is the interaction from the ion with the electroos in the target. The ion 
has many collisions with the target electrons, losing a smal! part of its energy with every 
collision. Because the mass of the ion is much larger than that of electroos the deflection of the 
ion can be neglected. This is not the case for the interaction of the target atoms with the ion. 
Here the stoppingprocesscan beregardedas a series ofbinary collisions ofthe ion with the 
target atoms and in each collision the ion willlose some ofits energy. For such a scattering 
event the ratio of the kinetic energy of the ion after and before scattering is called the 
kinematic factor K and it is given by: 

1 

Wh ere M1 is the mass off the impinging ion, M2 is the mass of the target atom, Eo is the kinetic 
energy ofthe ion before scattering and Et after scattering, and eis the scattering angle as is 
illustrated in tigure 2. 

7 
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tigure 2 Schematic representation of a binary col/ision event. 

Fora boron atom and a silicon atom that are totally ionised the Rutherford scattering formula 
can be used . The scattering angle[ assuming a tixed target atom] is then given by: 

2 B = 2arctan(~) 
where b is the impact parameter and d is the distance of dosest approach, which is given by: 

3 
d= Z1Z2è 

4tr&oEo 

7 



The maximum energy transfer occurs for a head on collision. In a head on collision a uB ion 
transfers approximately 80% of its initial energy to a Si ion. In a lattice the di stance to the 
nearest atom along the ion track is always less than halfthe interatomie distance(so for Si in 
the 100 direction bmïn<lÁ). Fora B ion with a kinetic energy of 1 keV the energy transfertoa 
Si ion in a collision with an impact parameter of IA is approximately 20% ofits initial energy. 
Fora 10 keV B ion the energy transfer in such a cellision ~0.2% ofits initial energy. 
During an implantation channeling ofthe implanted ionscan occur. This example shows that 
the effects of channeling will become smaller when ion energy decreases. 
The average amount of energy lost per unit length in a solid is called the stopping power S of 
the solid. The totalstoppingS is the sum ofthe nuclear stopping Sn and the electronic stopping 
Se, and both components are energy dependent For an implantation ofboron into amorphous 
silicon the electronic and nuclear stopping power are plotted in tigure 3 as a function of ion 
energy. 

140 ---- - Electronic stopping -- -
120 - Nuclear stopping -----,........, -c: -e 100 -,.,. 

.~ 
,.,. ,., 

E 80 (-//~ > Q) 

~ 60 
x 
~ 40 w I 
"0 I 

20 I 

0 
0 5 10 15 20 

Ion Energy [keV] 

tigure 3 Nuclear and electronic stoppingfor boron in amorphous silicon.[TR192] 

Th en the range of the ion in the solid is given by: 

Eo dE 
4 R-J

o S(E) 

Here R resembles the totallength of the path of the ion in the solid. We are however mostly 
interested in the projected range normal to the surface. This can be calculated with a program 
called Transport ofions in Matter(TRIM[TRI92]). This program calculates the projected 
range Rp and the standard deviation ~ which is called the longitudinal straggling. 
Fora 10 keV 11B implantation in Si Rp=37nm and ~=20nm. 

3.2 Damage formation during implantation 

Ions that enter a solid can displace lattice atoms when the nuclear energy deposition is larger 
than the mean displacement energy for lattice atoms Ed (-13eV for silicon).Based on simpte 
collision arguments the number of displaced atoms per incident ion can be predicted by the 
Kinchin Pease(KP) formula[SIG69]: 

8 



5 
Nd = 0.42v(Eo)•t0 

Ed 
Where Eo is the initial kinetic energy of the implanted ion, and v is the fraction of its energy 
lost in nuclear collisions. This equation is not valid for heavy ions or high doses because then 
the damage cascades overlap[Wll..84]. 
Increasing the dose the lattice will eventually cause the lattice to become amorphous. Damage 
formation strongly depends on the temperature of the substrate during implantation. F or boron 
implantations into silicon the formation of an amorphous layer is no longer possible for target 
temperatures above 100°C[Wll..84]. 

For boron implantations basically three regionscan be distinguished: 

I Defect production and direct impact amorphisation. 
II local amorphisation as a result of cascade overlap 
III Saturation damage, i.e. the formation of an amorphous layer, this layer will extend 
typically up toa depth of~+L\Rp or for very high doses eventually up toa depth of~+2LlRp. 

3.3 Target healing 

During an implantation, the ions transfer their kinetic energy to the wafer. This results in a 
temperature rise of the wafer. lt is useful to know the magnitude of the temperature rise 
because a large temperature rise can influence the characteristics of the implanted wafer 
significantly. The power dissipated by the ions Pi is given by: 

6 Pi= I* Eo 
where I is the ion beam current in amperes and Eo is the ion energy in electronvolts. 
F or wafers which are clamped to a metal holder in vacuum there is almost no heat transfer by 
conduction. All heat dissipation occurs by radiation from the back and front of the wafer. The 
thermal power P removed by radiation is given by: 

7 P = &Ao-(Tw 4 - To4
) 

where ë is the thermal emissivity ofthe surface, cris the Stefan-Boltzmann constant, Tw is the 
temperature of the wafer in K, T o is the temperature of the surroundings in K and A is the 
surface area ofthe wafer. 
F or small temperature rises the temperature rise ~ T is then given by: 

8 !J.T = IEo 
8&o-To3 

So fora 10 keV implantation of8*1015 atoms B/cm2 with a beam current of 1J..LA/cm2 the 
heating ofthe wafer is approximately 30K assuming a thermal emissivity of .25 and a T0 of300 
K. The maximum temperature rise set by the thermal capacity of the wafer is approximately 
120K for the 8*1015 B implantation. So for an implantation of2*1015 BI cm2 or less the 
thermal capacity of the wafer prediets the upper limit for the temperature rise rather well, for 
higher dose the temperature rise is better predicted using the energyflux balance. 
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4. Measurement technigues 

4. 1 RBSIRBS-Channeling 

4.1.1 Theory 

Insection 4.1 the basics ofthe theory that is used for the interpretation ofthe RBS-channeling 
measurements is treated. 

4. 1. 1.1 Basicprinciplesof Rutherford Backscattering Speetrometry 

When a nucleus of a light element, mass M1 impinges on a nucleus of a heavier element, with 
mass M2, the nucleus of the light element can undergo large angle scattering. After scattering 
the scattered partiele will only have a fraction K of its initial energy left, K being the kinematic 
factor, see fora definition ofK section 3.1. For each scattering angle 9 it is possible to 
determine the mass of the heavy element by measuring the kinetic energy of the scattered 
particle. 

In order to be able to perform quantitative measurements, it is required to know the scattering 
probability. The differential cross-section is the probability that a partiele scattered over an 
angle 9 can be found within a certain solid angle dO. With RBS the driving force behind the 
scattering processis the Coulomb force, therefore the differential cross section dcr/dO is given 
by Rutherfords formula, given by[CHU78]: 

9 
[ 1- ( _MM

2

1 

sin 8)2 + cos e]2 

da ( Z1Z2e2 )2 4 
dQ = 4Jr&o4E sin 48 M1 

l-(-sin8)2 
M2 

where Z1 and Z2 are the nuclear charges ofthe incident partiele and the target atom. Eis the 
kinetic energy of the incident partiele before scattering. This equation shows that the 
probability of scattering is proportional to the square ofthe nuelear charge ofthe target atom, 
so heavy elements will be easier to detect than light elements. 

If a scattering event takes place at a depth z, the incident partiele willlose a part of its energy 
by interaction with the electron eloud ofthe target atoms. The amount of energy lossper cm 
dE/dz is called the stopping power S ofthe target materiaL This stopping power not only 
depends on the element number ofboth projectile and target but also on the kinetic energy of 
the projectile. 
In the surface approximation it is assumed that the energy loss in the incoming and the 
outgoing trajectory is small enough to assume a constant stopping power. The kinetic energy 
of a partiele that scatters at a depth z can be calculated as follows: 
The energy of the partiele that reaches a certain depth z is: 

10 
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Where 81 is the angle between the incident beam and the surface normal ofthe target, see 
tigure 4. 
The energy of the partiele after colli si on is KE so the energy of the detected partiele is given 
by: 

z KScEo) ScKE) 
EI = KE- * S(KE) = KEo - z( + ) = KEo- z * SeJJ 

cos ()2 cos BI cos ()2 
11 

So the scattering depth can be calculated from the energy of the detected particle. 
The height of a spectrum, in counts is given by the number of particles detected in one channel 
of a multichannel analyser, Nd, and is given by: 

12 AT = AT * Mchannel * C * r\ * da I 
lVd lVp Seff ~" I dQ 

Wh ere Np is the number of incident partiel es, ~channel is the channelwidth and C is the atomie 
density of the target. 

tigure 4 Schematic representation of backscattering 

4.1.1.2 Principles ofChanneling-RBS 

When a beam of ions is directed along a major cristallographic axis, the probability for large 
angle scattering decreases. Due to various small angle collisions the ions remain in the 
channel(see tigure 5). 

0 0 ~ 0 0 0 0 0 0 
~--+--+ d ~~ ~ ~ 

0 ~ 0 0 0 0 0 

tigure 5 Schematic representation of the path of a channeled ion. 

The interaction of a channeled partiele with an atomie row can be described by a continuurn 
potential Ua(r) where ris the distance ofthe partiele perpendicular to the row. U.(r) is the 
value of the atomie potential averaged over the atomie row with atomie spacing d along the 
row, given by: 

13 
1 00 

Ua(r) =dJ V(R)dz 
-oo 
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where V(R) is the screened Coulomb potential and Ris the spherical radial coordinate, 
R2=z2+r2

. This screened Coulombpotentialis given by: 

14 

Where C2 is taken equal to 3 and a is the Thomas-Fermi screening distance, which is 
approximately 0.15Á for He in Si [FEL82] 
This gives the following expression for the axial potential: 

15 

With this continuurn potential the critica} angle for channeling 'l'c can be calculated, using 
conservation of energy. The energy of a partiele in the lattice is given by: 

16 
P? p/ Eo = Ekin + Ua(r) = _t_ + _'P_ + Ua(r) 
2m~ 2m~ 

where Pt and PP are the transverse and parallel components of the momenturn relative to the 
channel direction, Pt equals p·sin\j/, PP equals P•COS\j/ where 'V is the angle between the 
propagation direction of the partiele and the direction of the channel. Because channeling 
angles are very small sin\j/ can be approximated by \jl, and cos\j/ by 1 so the transverse part of 
the particles energy Etrans can be written as : 

17 
p2lf/2 

Etrans = + Ua(r) 
2m1 

from this equation the critical angle for channeling can be directly deduced by equating the 
maximum transverse kinetic energy to the axial potential at the turning point. 

18 

what gives the following expression for the critica) angle: 

19 lf/c= 
Ua(rmm) 

Eo 
A useful approximation is rmin=p, where p equals 2/3 ofthe mean square thermal vibration 
amplitude: 

20 lf/c = { Z 1Z 2e
2 ln[(CaJ2 

+ 1J}>i 
4Jr&oEo *d p 

The concept of the di stance of ciosest approach allows a simple derivation of the fraction of 
the beam that will not channel, x: 
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21 
1Cp2 

x=-
Ac 

where A: is the area ofthe channel. For most semiconductorspis in the order of0.1Á and A: 
approximately 1 Á2

• This results in a fraction of the beam that is nat aligned of approximately 
1%. So for a perfect crystal the reduction in backscattering yield is approximately 99%. 

A fraction of the beam will scatter at the tirst atoms of the rows, this causes a peak in the 
backscattering yield, see tigure 6. The magnitude of the surface peak depends on the energy of 
the incident beam. The calculated value of the magnitude of the surface peak for is given in 

bl 1 6 1 b . ta e or severa eam energtes. 
E(MeV) Surface peak(l 0 1 ~ Si/cm2

) 

0.5 5.4 
1 8.1 
2 13.6 

table 1 Theoretically determined magnitude of the surface peak for He i ons in 100 Si 
determined from the universa! p/Rm curve given in [FEL82]. 
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~ j 3.00E+OO 

2.00E+OO 

1.00E+OO / 

' . 
I 
' ' ' ' ' 

,... .. \'-
H. ..·' 

O.OOE+OO .i=======::::;:====::=::_-+---~::;-,--~ 
1300 1350 1400 

Energy(keV) 

1450 1500 1550 

tigure 6 Example of a channe/ spectrum and a random spectrum. 

The dechanneled fraction is determined by dividing the aligned yield at the low energy side of 
the surface peak, Ha by the random yield Hr. The dechanneled fraction is also called the 
minimum yield, Xmin· 

4.1.1.3 Dechanneling by defects. 

There are basically two mechanisms causing dechanneling. 
I Scattering at imperfections over an angle larger than the critica! angle for channeling. 
11 Dechanneling caused by lattice deformations that can nat be compensated by the 

steering farces in the channel. These defects will cause little direct scattering relative to 
the amount of dechanneling. 

Three types of defects, for which the dependenee of bath direct scattering as dechanneling on 
beam energy are known, will be treated here: 

1 Point defects ancllor amorphous clusters. 
2 S tacking faults 
3 Dislocations. 
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The decbanneling probability per unit depth dPoldz fora given type of defect is given by: 

dPv 
22 - = Oänd(z) 

dz 
Wh ere O'd is the decbanneling factor of the given type of defect and fid is the defect density. F or 
point defects the decbanneling factor is given as an area per defect, for dislocations the 
decbanneling factor is given as an area per unit length and for the staclcing fault as an area per 
defect area. 
The total probability of decbanneling is then obtained by integration of dPo/dz over the layer 
where the defects are present. 

Point defects 
For point defects (randomly displaced atoms) the decbanneling factor can be obtained by 
determining the probability of scattering over an angle larger than the critical angle in a close 
impact collision. 

Where \j/ 112 is the experimentally determined critical angle for channeling[FEL82]. In single 
scattering approximation, valid for 1017 displaced Si atoms/cm2 or less[FEL82]. The 
decbanneling factor can be determined by approximating the critical angle by 
'VI(=(2ZlZ2e2/47tëoEd) 112]: 

"Z1Z2e2d 
24 (J"d = -----

2 41C&oE 
Where dis the atomie spacing along the row, E the energy ofthe incident partiele with atomie 
number Z1 and Z2 the atomie number ofthe given point defect. 
Fora 2 Me V He partiele in 100-Si this equation yields a decbanneling factor of 1.7*1019cm2. 
F or point defects both the Rutherford-scattering cross section and the decbanneling factor are 
known. The atoms in smalt amorphous clusters can be treated as point defects. 

Dislocations. 
For dislocation type defects decbanneling occurs when bending ofthe lattice results in a 
curvature of the lattice for which a channeled partiele can not remain channeled. 
The decbanneling factor for dislocations is typically around 100Á[FEL82]. 
The decbanneling factor of dislocations is proportional to E 112[FEL82]. Dislocation loops show 
similar energy dependenee up to energies where the decbanneling factor becomes comparable 
with the loop radius(KUD78]. For higher beam energies the decbanneling caused by a 
dislocation loop is hardly energy dependent 
Dislocations are strain type defects so they hardly cause any direct scattering. So it is only 
possible to determine their presence by analysing the minimum yield in an RBS-channeling 
experiment. 
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Stacldng faolts 
A staclcing fault is a planar defect caused by an extra or missing halfplane in a crystallattice. So 
it can beseen as an extra surface in the crystal. So fora staclcing fault the decbanneling factor 
is given by: 

25 (Ïd =X min,p 

where Xmin,p is the minimum yield measured fora perfect crystal. For Si(100) X.min.P is 
approximately 3%. The decbanneling factor for stacking faults is only weakly dependent on the 
energy of the incident ion. The direct scatter contribution of stacking faults is obtained by 
multiplying the area of the stacking fault by the size of the surface peak of the virgin crystal. 

4.1.2 Experimental setup 

For the investigation ofthe lattice structure of Si wafers implanted with 11B RBS-channeling 
measurements have been performed. The measurements have been performed using 2 Me V 
He+ ions from a 2.5 Me V v/d Graaffaccelerator with an energy stability of 1-2 keV. The 
channeling measurements have basically been performed under two conditions, which are 
sketched in tigure 7 . 

....._Detector 
2MeVHe+ ...., 

Sample 

Scatter angle 
9=170° 

2MeVHe+ 

Sample 

tigure 7 Schematic representation of the measurement conditions, in front of the detector a 
diaphragm with an opening angle of approximately 1. 5 ° is placed 

The measurements have all been performed at normal incidence. F or channeling measurements 
the maximum deviation from normal incidence is given by the maximum misorientation of the 
surface that a (100) Si wafer can have. The SEMI standard[SEM] allows a maximum deviation 
of 1°. 
For low energy baron implantations the projected range lies close to the surface[R.r37nm for 
a 10 keV B implantation]. In order to be able to distinguish the damaged area from the surface 
peak the difference in energy-loss for a He ion that scatters at the surface and a He ion that 
scattersin the damaged region must be larger than the detector resolution(± 15keV for the 
used surface harrier detector[CAN]). Therefore glancing exit measurements are performed. 
The detector is placed at an angle of approximately 4 o with the surface of the sample which 
results in a scattering angle of94°. For this angle the energy lossper unit depth is 
approximately 9 times as large as the energy loss is for standard conditions (a scattering angle 
of 170°). The depth scale can even be stretched further by decreasing the angle with the 
surface but then surface roughness, straggling of the He ions[PCY], detector opening angle, 
and misorientation of the surface will decrease depth resolution. 

For the glancing exit measurements the Rutherford scattering cross section does hardly depend 
on 82. So an error in 82 does not influence quantitication of damage. 
The effective stopping Sctr is inversely proportional to 82 so a deviation of 10% in 82 will result 
in a deviation of 10% in the height of the spectrum. 
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Due to problems with the integration of the beam current during the RB S-C measurements the 
coinparability of measurements that are not performed the same day is limited. The measured 
spectrum height for amorphous Si varied daily. The spectrum height is measured under 
standard conditions, for unaligned Si, rotated around the surface normal over more than 90 
degrees during the measurement. Usually the spectrum height was fairly constant during one 
day, but variations of 10% have occurred. 
In general comparing measurements performed the same day introduces a much smaller error 
than measurements spread over a number of days. An error of 1 Oo/omust certainly be taken into 
account when comparing measurements performed at different days. 

4.2 Hall-v/d Pauw measurements 

Hall-v/d Pauw measurements are performed because for device fabrication it is essential to 
know the electrical behaviour of a wafer after implantation. The electrical measurements are 
discussed in this report in to see if the formation of damage can be related to the number of 
substitutional B atoms. 

4. 2.1 Electrical parameters 

The resistance of a bar of length I, having a width b and thickness t is given by: 

26 

where pis the resistivity. Fora square with l=b this equation becomes: 

27 

where Rs is the sheet resistance which is the resistance from one si de of the square to the other 
side (length or width) and it is often given in [.OIO] to express that it is the resistance over a . 
square. The sheet resistance is independent ofthe size ofthe square. Fora layer with a 
constant dopant concentration the sheet resistance is given by : 

28 

Where q is the elementary charge, Jln and Jlp are the electron and hole mobility, and Nd and Na 
are the sheet donor and acceptor concentrations[The sheet carrier concentration is the number 
of charge carriers per unit area]. Fora heavily p-doped layer the acceptor concentration is 
much larger than the donor concentration so the sheet resistance can be written as : 

29 

So the carrier mobility and the sheet carrier concentration determine the sheet resistance. Ifthe 
mobility does not vary significantly the sheet resistance increases linearly with sheet 
concentration. 
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4.2.2 The Hall v/d Pauw method 

The Hall vd Pauw method combines van der Pauw four point measurements and Hall 
measurements todetermine the sheet resistance, the carrier concentratien and the carrier 
mobility. 
The Hall effect is a consequence of the Lorentz force F1 that acts on a charged partiele that 
moves in a magnetic field B with a velocity v, this force is given by: 

30 F1 = q(v x B) 

So when a voltage is applied over a semiconductor sample, the charge carriers will be 
deflected to one side of the sample. This effect is eventually counterbalanced by the electric 
field this induces. In equilibrium this gives for a charged partiele moving in a magnetic field Bz 
with velocity Vx: 

31 Fy = q(Eh +vxBz)= 0 

In which Eh is called the Hall field. In figure 8 the Hall effect is schematically represented. 
z 

~ x 

figure 8 Schematic of the Hall effect 

From the direction ofthe Hall field the sign ofvx can be determined which allows us to 
determine whether the charge carriers are mainly holes or electrons. The velocity of holes in a 
p-doped layer is given by: 

I 
32 Vx=---

qNaW 

with w the width of the layer. The sheet hole concentra ti on is then given by: 

33 

for which Vh=Ehw is used. For the high dopant concentrations investigated in this 
work(>1019/cm3

) the number of charge carriers determined with this equation should be 
multiplied by a correction factor called the Hall factor r[SAS88] This Hall factor is 
approximately 0.65-0.90 for B concentrations exceeding 1019/cm3 in Si[SAS88]. 

The sheet resistance is measured with a four points probe using the vd Pauw method, see 
figure 9. The sheet resistance is given by: 

34 
Rs = _!!_ (Upqsr + Upsqr) 

ln2 21 
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With Upqsr is the potential measured over the centacts S and R when a currents I flows through 
Pand Q. The pins must he placed at the circumference ofthe sample for equation 34 to 
hold[PAU58], else a correction factor has to he used for non-square samples. 

p Q 

figure 9 Schematic for a jour points measurement. 

The Hall voltage is also determined with the four points probe, the voltages Uprsq, Uprqs, Usqrp 
and Usqpr are measured with both Bztas Bzi and averaged with respecttoB and I to give the 
Hall voltage. 

4.3 Secondary ion mass spectrometry(SJMS) 

For the determination ofthe boron distribution after implantation and determination ofthe 
total implanted do se several samples have been investigated using SIMS. With SIMS a sample 
is bombarded with ions with a typical energy between 0.5 and 20 keV. Because ofthis 
bombardment, atoms and pieces of several atoms will he sputtered out of the first layers of the 
sample. A small fraction of the sputtered atoms will he ionised teaving the surface of the solid. 
The ionised fraction depends on the type of sputtered atom and on the composition ofthe 
outer layers, and is usually between 10"1 and 10"5

. The charged particles can he analysed · 
directly using its rnass/charge ratio. A schematic representation of a SIMS measurement is 
given in figure 10. 

Energy filter 

Incident ions ~ 

Ij
l I / .. -----._',,, Mass 

I. U r- ~~p~ctrometer 
Sample I ~~ 

~ndaryion 
detector 

figure 10 Schematic representation of SIMS 

By sputtering away the upper layer with a constant speed of approximately 0.1-3 nm/s and 
recording the number of secondary i ons of a specific element as a function of time a SIMS 
depth-profile can he recorded. This type ofmeasuring is called dynamic SIMS. SIMS has a 
detection range of approximately 5 decades and a depth resolution of approximately 10 nm. So 
in one measurement the entire profile can he measured and the junction depth [ where the 11B 
concentratien is 1017 at/cm3

] can he determined. 
The SIMS depth profiles were measured using a Cameca 4fin positive mode with 3 keV 02+ 
ions at 52° off-normal incidence rastered over 250x250JJ.m2. The analysed area was 30JJ.m, the 
primary beam diameter about SOJJ.m. 
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Crater depths were measured using a Dektak2 surface profilometer. Measured intensities were 
calibrated using measurements of a 1 x 1014 25ke V 11B implantation from a calibrated research 
implanter. Dose accuracy is approximately 10% partially due to non-linear effects caused by 
the high top concentrations ofB. For detailed information about the experimental conditions is 
referred to [BER97]. 

4. 4 Transmission electron microscol!Y 
For visualisation ofthe damage caused by the 11B implantations into Si Transmission Electron 
Microscopy (TEM) has been used. In the TEM experiments discussed in this work a thin 
sample [thickness ofthe sample 1 micronor less] is irradiated with an electron beam of 
uniform current density with an electron energy in the order of 100 keV. Using a crystalline 
sample the transmitted electroos will generate a diffraction pattern. 
When the lattice is damaged the diffraction pattem will be altered. Each type of lattice 
distartion will generate its specific change in diffraction pattern. The visibility of defects 
depends strongly on the used optical equipment. 
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5. Experimental results 
In this section the results ofthe RBS-channeling(RBS-C) measurements will be treated, 
foliowed by the results of Transmission Electron Microscopy, SIMS, and Hall v/d Pauw 
measurements. First the RB S-C results will be treated concerning the samples just as 
implanted. Next the RBS-C analysis will be presented ofthe samples that have been given a 
Rapid Thermal Anneal treatment. The results will be discussed in section 7. 
The Rutherford scattering cross section of 2Me V He i ons is much to low to detect B in the 
samples under investigation. The B concentratien bas to be above 10 at% in a near perfect Si 
crystal to be detectable as B. Consequently only structural information can be extracted from 
the increment of the Si yield resulting from displaced Si atoms. 

5.1 Damage structure o(as implanted samples. 

For low energy implantations the damage caused by the implantation will be very close to the 
surface. To be able to distinguish the damage caused by the implantation from the surface peak 
glancing exit measurements have been perforrned. By doing so the energy loss per unit depth is 
increased, which enhances depth resolution. 

5.1.1 Lowest energy 11B implantations (<1keV) 

F or the B samples with a boron implantation energy less than 1 ke V the projected range is less 
than 55Á. The width ofthe surface peak ofvirgin Si under glancing exit conditions 
corresponds toa depth scale ofapproximately 57 A. For the used scattering angle of94° the 
width ofthe surfacepeak ofvirgin Si is not exclusively determined by the detector resolution of 
15keV[for the used scatter angle 15 keV:=:::3nm] ofthe used surface harrier detector but by the 
effects discussed before in section 4. 1.2[ detector opening angle, surface roughness] and by the 
kinematic spread of the used beam. 
Decreasing the scattering angle results in a broadening of the surface peak so the surface peak 
cannot be separated from the implantation damage at or around the projected range, as can be 
seen in figure 11. The width and area ofthe combined Si surface/damage peak increases with 
increasing implantation energy. 

20 



4.5 
1Si 

4 -·-·1keV5E14 -~ 
1'!1 

3.5 ······500 eV 5E14 ~i 
- - - 250 eV SE 14 Ïll'l ., . 

J2 3 V Q) --Virgin Si l > 
-g 2.5 I 

' .!:':! I äi 2 
E l .... 
~ 1.5 • 

1 ~ 
0.5 j 

0 
900 1000 1100 1200 1300 1400 1500 1600 

Energy(keV) 

tigure 11 Channelspectra of0.25, 0.5 and 1 keV 5E14 JJB!cm2 implantations together with a 
spectrum of unimplanted, virgin Si 

The amount of damage is obtained by peak integration of the surface peak and subtraction of 
the surface peak of virgin Si. The amount of damage is expressed in displaced Si atoms per 
cm2

. In tigure 12 the total amount of damage is plotted for several B doses for 0. 1-1 ke V B 
implantations. 
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tigure 12 Amount of lattice damage caused by low energy B implantation versus implanted 
dose. In this .ft gure also the number of displaced Si atoms as predicted by the Kinchin-Pease 
model (treated insection 3.2) is given. 

The error in the lattice damage is approximately IE 15 displaced Si atoms + 1 0% of the 
absolute number of displaced atoms. As can be seen in tigure 12 the total amount of damage 
increases both with ion energy as with dose. 
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5.1.2 Low energy 11B implantations (2.5-10keV) 

For the samples with a B implantation energy of2.5-10 keV the damagepeak can be 
distinguished from the surface peak although there is some overlap. The damage formed is 
centered around the projected range ofthe implanted B, so for the 10 keV implantations the 
damage peak will be found at lower energies of the backscattered He particles than for the 5 
and 2.5 keV B implantations. In tigure 13 is visible that damage is formed around the projected 
range of the implanted B but also at the position of the surface peak. 
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tigure 13 RBS-channeling spectrajor 2.5-10 keV 4E15 Blcm2 implantations. 

The determination of the total amount of damage is no long er as straightforward as for the 0.1-
1 ke V implantations because for higher implantation energies and higher doses the total 
amount of damage increases, this results in a larger part of the He i ons that will become 
dechanneled. So if the total amount of damage would be determined through simp Ie peak 
integration, the total amount of displaced Si atoms would be overestimated if the fraction of 
dechanneled ionsis high relative to the maximum level of disorder in the crystal. In this report 
level of disorder is detined as the damage yield divided by the random yield (=HiHr in tigure 
14). 
F or samples with a smaltlevel of disorder, less than approximately 10%, the total number of 
displaced Si atoms is obtained by integration ofthe damage peaks after subtraction ofthe 
virgin Si spectrum. 
For high levels of disorder this approximation is no longer justitied. A correction is applied to 
correct for the fraction of the particles that is dechanneled. The following assumptions are 
made: 
1 The fraction of the yield that is a result of dechanneled particles can be represented by 
an error function. 
2 Right after the surface peak the :fraction of dechanneled particles is approximately 
zero. The number of displaced atoms in the surface peak is determined by peak integration. 
3 The half height of the error function is located at the low energy si de of the maximum 
of the damage peak around Rp. The channel number of the half height of the error function is 
determined by taking the ditTerenee in channel numbers between the maximum of the damage 
peak and the minimum between peak at depth and the surface peak. The half height of the 
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error function is located 3/10 ofthat difference deeper than the maximum ofthe peak around 
Rp(see figure 14). 
This can be justified since the high energy side of the damage peak is usually steeper than the 
low energy side. The dechanneled fraction is proportional to the number of defects(integration 
of equation 22) so the half height of the error function should be located where the integrated 
number of defects is half the total number of defects. 

For samples where the implanted layer is almost or entirely amorphous the decbanneling 
contribution is overestimated. In an amorphous layer the particles scatter whether they are 
dechanneled or not. To correct for this overestimation the maximum disorder level Ld is 
determined. This is the ratio of the maximum yield from the damaged lattice ILi and the yield of 
amorphous silicon Hr. 
The fraction Ld of the decbanneling yield between the half height of the low energy si de of the 
damage peak and the surface would have scattered also when the beam was aligned( assuming a 
constant level of disorder in this region), so for this fraction the scattering is not a consequence 
of the dechanneling. 
The halfheight ofthe damage peak is taken as lower energy limit because the damage density 
drops to zero for deeper layers, so at the lower energy side ofthe halfheight ofthe damage 
peak hardly no overcorrecting takes place. 

The number of displaced Si atoms around Rp is then determined by: 
1 Integration of the damage peak. 
2 Subtracting the area under the error function minus the part that would have scattered 

also when the particles were not dechanneled. 

8 .-------------------------------------------------------, 
Hr 

7 -----------------------------------

6 

-oS 
(ij 

~4 
<D 
N 

~3 
c: 

~2 

--Total 
- - Dechannelled 
······Direct 
-·-·Random 

Half height error tunetion -------7--.'4::~)"....._:::~-.~ 

800 1000 

Energy(keV) 

1200 1400 

figure 14 Schematic of the determination of the number of displaced silicon atoms. 
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tigure 15 Number of displaced Si atoms versus implanted dose; the fine with label T 
represents the total number of displaced atoms, the fine with labelS gives the number of 
displaced atoms at the surface, forthermore the amount of damage predicted by the Kinchin
Pease model, using stopping powers for amorphous silicon, are given for the 2.5 ke V 
implantation and the 10 ke V implantation, (with label KP). 

As can be seen in tigure 15 the total number of displaced atoms increases with implantation 
energy and do se. The number of atoms displaced at the surface can not be determined 
accurately for the high dose and/or low energy implantations due to overlap ofthe surface 
damage and the damage around Rp, this might cause the sudden decrease in surface damage for 
the 2.5 and 10 keV implantations. An implanted B atom displaces up to 30 Si atoms for the 
low dose 2.5-10 keV implantations. 
F or high doses[ dependent on implantation energy] the total amount of lattice damage does not 
increase further. This occurs when in the RBS-spectra the maximum level oflattice disorder in 
the implanted layer appears to be 1 OO%(The normalised backscatter yield equals approximately 
the yield of an amorphous layer). 
F or the 10 ke V implantations the formation of damage at the surface differs much for high 
dose implantations that appear to be implanted under equal conditions. For several 
implantations with intended do se of SE 15 the enlargement of the surface peak varies as 
implanted between wafers implanted under equal conditions from 4 * 1016 to 8 * 1016 displaced Si 
atoms/cm2

. 

5.2 Anneafing o(the samples. 

For electrical activatien ofthe implanted Band simultaneously removal ofthe implantation 
damage a Rapid Thermal Anneal(RTA)treatment was used. The RTA treatment has been done 
for temperatures ranging from 500°C up to 1200°C, fora period of 10 seconds. Usually the 
damage will decrease with increasing annealing temperature and the damage will be removed 
completely for a certain annealing temperature. The effects that occur depend on total 
implanted dose, maximum concentratien of the implanted boron and implantation energy. First 
the lowest energy (0.25-1keV) implantations will be treated foliowed by the low energy 
implantations(2. 5-1 Oke V) 
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5. 2.1 Annealing 9.[ the 0. 25ke V and 1 ke V 11 B implantations 

F or these low energy implantations damage decreases with increasing annealing temperature, 
except for the sample with 1 keV 2E15 B/cm2 implanted, see figure 16 .. For this sample an 
increase of damage is observed after an RT A treatment of 1 Os at 700°C. F or higher annealing 
temperatures the damage decreases. 
For the sample implanted with 2.6E 15 B/cm2 the damage yield corresponds with the yield of a 
10 nm thick amorphous layer, so damage extends to beyond Rp+L\Rp(For 1 keV B Rp=5.5nm, 
L\Rp=3.9nm[TRI92]). 
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figure 16 Number of displaced Si atoms per cm2 as .function of annealing temperafure 

5. 2. 2 Damage as a function 9.[ annealing temperature .iQI the 2. 5-1 Oke V implantations. 

For implantation energies ranging from 2.5-10 keV and B concentrations exceeding the solid 
solubility in Si the damage at depth initially increases with increasing annealing 
temperature[Starting at annealing temperatures of 600-700°C]. For annealing temperatures of 
800-1 000°C the amount of damage reaches a maximum. F or annealing temperatures of 1100-
12000C the damage has completely disappeared [only fora 10 keV 2.8E16 B/cm2 implantation 
still some damage was present after annealing at 1200°C]. 
The damage in the shallow surface layer starts already to reeover at 500-600°C, and has 
usually reeavered aftera RTA treatment at 700°C. These effects are visible in figure 17, where 
the RBS-C spectra of a sample implanted with 2.5 keV 2E15 11B are given for different 
annealing temperatures. 

Similar behaviour is seen for all implantations where the maximum B concentration exceeds 
2*1020at/cm3

• 

F or the implantations with a very high implanted dose[leading to a top concentration higher 
than 2*1021 at 11B/cm3

] the behaviour becomes comparable to the behaviour ofthe 11B 
implantations with an implantation energy of 1 ke V or less. The observed amount of displaced 
Si atoms around Rp decreases or stays equal after an R TA treatment. Damage decreases very 
fast for annealing temperatures above 1000°C. The number of displaced Si atoms for the 2.5,5 
and 10 keV 11B implantations are given as a function ofthe annealing temperature for several 
doses in tigure 18 - tigure 20. 
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In tigure 17 can also be seen that the maximum level of lattice disorder(in this report also 
referred to as damage density) around Rr60%, this is calculated using the fact that the 
normalised yield for amorphous Si for the used measurement conditions is approximately 6. 
The maximum level of disorder around Rp appears to reach 100% for maximum B 
concentrations exceeding 2*1021 at 11B/cm3

. 
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tigure 17 RBS-C spectra of a 2.5 keV 2xl015 11Bicm2 implantationfor different annealing 
temperatures(B dose measuredwith SIMS=J.4EJ5/cm2
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tigure 18 Total number of displaced silicon atoms as a junction of annealing temperafure for 
the 2.5 keV B implantations(label T) The number of displaced atoms at depthare also 
displayed, with label D. 
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tigure 19 Total number of displaced silicon atoms as a junction of annealing temperafure for 
the 5 keV B implantations(label T), the number of displaced atoms at depthare also given, 
label D. 
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tigure 20 Total number of displaced silicon atoms as a junction of annealing temperature for 
the 10 ke V B implantations(label T), the number of displaced atoms at depthare also given, 
label D. 

5. 3 Annealing time dependenee ofthe amount of/attice damage. 

In order to check the damage recovery dependenee on annealing time, several samples have 
been annealed for different times. 
A sample implanted with 5keV 4El5 11B/cm2 has been annealed at 700°C for Is, lOs, 60s, 
lOOs, 300s, 600s, 900s, 1200s and 1800s and at 900°C for Is, lOs, 60s, lOOs, 300s, 600s, and 
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900s. At these temperatures no explicit time dependenee of damage recovery was found, see 
table 2 
Annealing time(s) Damage present after RTA Damage present after RTA 

at 700°C. at 900°C. 
1-5 81 85 
10 85 70 
60 86 69 
100 80 78 
300 96 78 
600 85 82 
900 93 77 
1200 90 
1800 82 

table 2 Damage present as a function of annealing time. Damage is expressed in 1015 displaced 
Si atoms/cm2

. 

F or a 1 000°C anneal the dependenee of the amount of damage on annealing time is more 
evident. The results of the annealing time dependent measurements for a annealing temperature 
0 f 1000°C d" 1 d · bl 3 are rsp1aye m ta e 
Sample, annealing time #displaced Si atoms/cm2 

5keV 2*101~ lOs 
' 

34*101
' 

5keV 2*1015 300s 
' 

3* 10 1~ 

10keV 3.6*1015,10s 76*1015 

10keV 3.6*1015,30s 72*101~ 

10keV 8*1015 lOs 
' 

161 *1015 

IOkeV 8*101
' 30s , 159*1015 

10keV 10*101',300s 80*101
' 

table 3 Annealing time dependenee of damage for a annealing temperature of 1 000°C. 

The samples that have been annealed at 1 000°C for 300s have less damage than the samples 
that have been annealed for 1 Os. Ho wever it must be noted that for the 5ke V implanted sample 
the damage has vanished completely after an RTA treatment at 1100°C, soa small difference 
in annealing temperature [RTA temperature accurate within 25°C [STI96]] might be 
responsible for the measured difference. Furthermore the sample that has been annealed for 
300s at I 000°C has been cut from another wafer than the samples that have been annealed for 
10 respectively 30s at 1000°C. 

5. 4 Characterisation o(the implantation damage 

5. 4.1 Determination gj the ori[fin gj the surface disorder 

The lattice disorder that arises at the surface can be explained by several mechanisms. The first 
hypothesis has been put forward by [JON88] in which recoiling oxygen atoms from the native 
Si02 are assumed to cause the distartion of the Si lattice. The second hypothesis assumes 
ditfusion to the surface of defects that are created along the path ofthe implanted B[ABR77] 
to cause the surface damage. In order to discriminate between these models several 
experiments have been carried out. 
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5. 4.1.1 Implanting in a sample without native oxide 

T o check whether 0 recoils from the native Si02 are the cause of the formation of lattice 
disorder at the surface the following experiment has been performed. Two wafers were 
implanted under identical conditions, but from one of the wafers the native surface oxygen has 
been removed prior to the implantation step by heating the wafer for IS minutes at a 
temperature of 1000°C. This procedure was done fora sample implanted with 0.2S keV 3EIS 
B/cm2

, a sample implanted with 2.S keV SEIS B/cm2
, a sample implanted with 10 keV SEIS 

B/cm2 and a sample implanted with lOkeV IOEIS B/cm2
. 

With RB S-C experiments both for sampleswithand without the surface oxygen lattice damage 
at the surface was found. For the 0.2S and 2.S keV implantations the profiles ofthe sample 
with and without the surface oxygen perfectly matched, so both the amount of surface damage 
as damage around Rp was the same. Such a match however was not found for the samples 
implanted with I 0 ke V 11B, but damage formation at the surface did occur both for the samples 
with and without the native oxide, see table 4. 
Sample Damage around Rp Surface damage(virgin peak 

subtracted) 
0.2S keV 3EIS - I4*1013 

0.2S keV 3EIS/R - IS*l015 

2.S keV SEIS 80*I015 13*I015 

2.S keV SElS/R 8l*I015 13*I015 

10 keV SEIS SO* 1015 3S*I015 

10 keV SEIS/R SO* 1013 63*1015 

10 keV IOEIS 176*1015 46*I015 

IO keV lOEISIR 182*I01
' 36*1015 

table 4 Comparison ofimplantation damage withand without[/R] the native oxide present. 

Damage formation at the surface occurred both for samples with and for samples without 
native oxide, so oxygen recoils from the native oxide are not the cause of the damage 
formation at the surface. 

5.4.1.2 Implanting in a sample with a trapping layer 

T o investigate whether the surface damage is caused by ditfusion to the surface of defects that 
are produced along the implanted boron's path, some implantations have been performed in 
wafers in which a defect trapping layer has been built in. Two types of trapping layers have 
been made, the results ofboth ofthem will be treated here. 

I The first type ofbarrier layer was made by implantation ofboron. The experiment has 
been performed as follows: 

First two wafers were implanted under identical conditions up toa dose of 1.4EI6 B/cm2
. 

After implantation one ofthe wafers was given a RTA treatment of lOs at 700°C, thereby 
removing practically all surface damage, but not removing the damage around Rp, 
consecutively that wafer is implanted again with a dose of 1.4EI6 B/cm2

. 

The amount of damage that is generated at the surface is compared for the two implantations. 
The magnitude of the surface peak of the wafer with the trapping layer present is smaller than 
for the wafer that is implanted once(see table S). This indicates less damage formation at the 
surface during the second implantation than during the first. 
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Sample Magnitude of the surface peak(incl. peak 
virgin Si of± 18E 15)f #Si-atoms/ cm2

] 

10 keV 1.4E16B As implanted 74* 1015 

10 keV 1.4E16B+RTA 10s700°C 22*1015 

10 keV 1.4E16B+RTA 10s700°C+1.4E16B 58* 1015 

table 5 Magnitude of the surface peak for an implantation with, and without an implanted 
trapping layer. 

11 The second type of trapping layer was a 20 nm thick Si layer with 1 *102° C-at/cm3 as 
displayed in tigure 21. Substitutional C in concentrations of more than 1019at/cm3 reduces the 
concentration of interstitials strongly[ST095]. So this layer will stop interstitials rnaving 
towards the surface. 

1 40 keV 11B 

20 nm epi-Si 
20 nm epi Si-C 

Si substrata 

1 40 keV 11 B 

40 nm epi-Si 

Si substrata 

tigure 21 Wafers implantedwith 40 keV 5E15 11Bicm2
• 

Three wafers are implanted with 40 keV 5E15 at 11B/cm2
. 

1 40 keV 11B 

Si substrata 

A normal, untreated wafer to determine the formation of damage at the surface during a 
standard implantation. One wafer with a Si-C trapping layer to see whether the C-Si layer 
influences the damage formation at the surface. And one wafer with a 40 nm thick epi-Si layer 
grown on the Si substrate to check if the interface of the Si substrate and the layer on top 
influences the formation of damage at the surface. 
After remaval of the native oxide the layers were grown on top of the Si substrate using 
Molecular Beam Epitaxy(MBE). 
The samples were implanted using the research implanter built by J. Politiek. During 
implantation the wafer was kept at Room Temperature. The projected range of a 40 ke V B 
implantation in Si is 143 nm [TRI92], this is far beyond the trapping layer. 
The magnitude ofthe surface peak doesnotshow significant differences(see table 6). Damage 
around Rp is also the same for the three implantations. 
Sample Magnitude of surface peak(incl. Virgin Si 

peak of±18*1015
) 

Normal wafer 34*1015 

40 nm MBE grown Si on Si sustrate 33*1015 

20nm MBE grown Si on 20 nm MBE 33*1015 

~_own Si with 1E20 C/cm3 on Si substrate. 

table 6 Damage formation at the surface with and without a defect trapping layer. 

The magnitude of the surface peak is equal for the three implanted wafers, so either the 
trapping layers do not trap defects coming from depth or the defects causing the surface 
damage are generated less than 20 nm from the surface. 

30 



5. 4. 2 Damage production [QJ:_ implantations performed at different wafer temperatures. 

Damage formation by implantation depends strongly on the temperature ofthe Si wafer. For 
wafer temperatures higher than 1 00°C amorphisation of the Si lattice is no longer 
possible[WIL84]. To check whether damage formation also depends on wafer temperature for 
implantations where the maximum llB concentration exceeds the solid solubility ofB in Si two 
implantations have been performed at a wafer temperature of approximately IS0°C. 
A 10 keV SEIS B/cm2 and a 10 keV 8E1S B/cm2 implantation have been performed. For the 
implantations performed at 1S0°C hardly no enlargement of the surface peak is observed, 
indicating less damage formation at the surface than for an implantation at room temperature. 
Damage formation around Rp does not decrease for increasing temperature of the wafer for 
these implantations (see table 7), indicating damage formation around Rp to he caused by an 

th th d. 1 t tr · o er process an 1sp1 acemen co tstons. 
Implanted dose #Displaced Si atoms #Displaced Si atoms Total number of 

aroundRp at the surface (Virgin displaced Si atoms 
peak subtracted) 

SEIS RT 29EIS 76EIS lOSEIS 
SEIS IS0°C 31EIS 6EIS 27EIS 
SEIS RT 179EIS 79EIS 2S8EIS 
SEIS IS0°C 210EIS 13EIS 223EIS 

table 7 Damage production for different temperatures of the wafer during implantation 
[Experimental error ±10%ofthe number of displaced atoms]. 

5. 4. 3 Minimum yield vs damage 

Investigation of the dechanneling cross section of the defects in the. samples under investigation 
can provide information about the type of defects present. Extended defects have a much 
larger dechanneling cross section than point defects. 
The minimum yield is deterrnined from the glancing exit measurements by dividing the yield 
behind the damage peak by the yield amorphous Si would give fora scatter angle of94°. 
Deviations in the angle between the detector and the sample surface can cause a relative error 
in minimum yield of 20%. 
The dechanneling cross-section for the defects can he found by dividing the dechanneled 
fraction by the number of displaced Si atoms/cm2

, after subtraction ofthe minimum yield of 
unimplanted Si(derived from equation 22). For the defects present in the annealed samples a 
dechanneling cross section of (1 0±2)* 1 0"19 cm2 is found, which is larger than the dechanneling 
cross section of point defects which is 2-4*10"19cm2[FEL82]. In tigure 22 the minimum yield vs 
damage relationship is given for several annealing temperatures. The average dechanneling 
cross section for annealed samples is somewhat higher than for samples that have not been 
annealed. 
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tigure 22 Minimum yield vs #displaced Si atoms. 

If the defect type depends much on the energy of the implanted B the dechanneling cross 
section of the defects can differ for different implantation energies. In tigure 23 the minimum 
yield is plotted versus the amount of lattice damage for different implantation energies. The 
dechanneling cross section appears to be the largest for high implantation energy and low 
damage density. Forthese samples the slope in the dechanneling-damage relationship is the 
steepest. This might indicate that the formation of extended defects is suppressed by lowering 
the implantation energy and increasing the implanted dose. 
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tigure 23 Dechanneling vs damage for different implantation energies for the annealed 
samples[Tanneal 5 00-1200 CC] 
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5. 4. 4 Jon beam energy dependent measurements 

Different kinds of defects show a different behaviour ofthe dechanneling as a function ofbeam 
energy, as discussed insection 4.1.1.3. 
If a damaged layer consists of only one kind of defect the kind of defect can be determined by 
performing RB S-C measurements for different beam energies. Wh en the layer consists of two 
or more kinds of defects determination ofthe defect types present will be more difficult, 
especially when the different types of defects have opposite energy dependencies. 
Fora better understanding ofthe nature ofthe defects the minimum yield and the direct
backscatter yield is measured as a function of the energy of the incident Helium i ons for 
energies ranging from 0.8-2.2MeV. 
The minimum yield was determined for standard conditions (normal incidence, 8=170°). The 
number of displaced atoms was determined with glancing exit measurements ( normal 
incidence, 8=100°). 

The measurements are performed on a 10 keV 8*1015 at 11B/cm2 implantation [sample X0904] 
that has been given an RTA treatment of 10 seconds at 900°C. 
The minimum yield has been measured also fora 10 keV 1.4*1016 at 11B/cm2 

implantation[sample Y0214]. The results of these measurements are displayed in tigure 24, in 
which the minimum yield is plotted versus E"1

. The measured minimum yield-energy 
relationship resembles that ofrandomly displaced silicon atoms(see equation 24). Ifthe results 
are extrapolated to infinite ion energy the minimum yield does not reach the minimum yield of 
virgin silicon but a minimum yield of approx.imately 15%. This is an indication that the damage 
present in these samples not just consists of point defects. 
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tigure 24 Minimum yield as a function of energy of the incident He+ ion. 
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Beam energy #Displaced Si Magnitude of the Predicted 
Me V atoms/cm2 around surface peak incl magnitude of the 

Rp*lOlS virgin peak(#Si surface peak( excl 
atoms/cm2)*10u native oxide)[See 

section 4.1.1.2] 
.8 221(1 78) 15.6 7 
1 226(184) 15.3 8.1 
1.2 221(176) 17.1 
1.5 221(194) 18.7 
1.75 226(198) 19.5 
2 220(198) 22.2 13.6 
2.2 237(204) 22.8 14 

table 8 Number of displaced Si atoms measured as a function ofbeam energy for sample 
X0904 (in brackets the number of displaced Si atoms is given corrected for dechanneling). 

In table 8 the number of displaced atoms measured as a function ofbeam energy is given. The 
magnitude of the surface peak is also measured for several beam energies. The increase in 
magnitude of the surface peak with increasing beam energy is equal to the predicted 
enlargement. Comparison of the energy dependenee of the surface peak with the energy 
dependenee of the number of displaced atoms around Rp shows that the measured damage 
does not ju st consist of stacking faults. The direct scatter cross section for stacking faults 
shows a clear dependenee on beam energy, just like the magnitude ofthe surface peak does. 

5.5 lmplantation o(11B at higher energies00-160keV). 

T o investigate whether the point defects can move to the surface from large depths, samples 
have been implanted at higher energies (10-160 keV) with 2E15 11B/cm2

. 

The magnitude of the surface peak has been determined with glancing exit measurements, 
using a scatter angle of94°, in order to separate the surface peak from the damage at larger 
depths. 
To be able to separate the damage profile from the surface peak, the damage profile 
measurements have to he performed using different scattering angles. F or the 40ke V 
implantation the damage profile is measured using a scattering angle of 110°, the 80 and 160 
ke V implantations have been measured using a scatter angle of 170°. The results of these 

. . bl 9 measurements are g1ven m ta e . 
lmplantation Damage around Rp Enlargement of the 
energy(ke V) #displaced Si atoms surface peak 
10 17* 10 1 ~ 13*10 1 ~ 

40 (20±1 0)* 1015 7* 1015 

80 (20± 1 0)* 1015 5* 1015 

160 . (50±30)* 1015 2*1015 

table 9 Damage for high energy(10-160keV) implantations. 

As shown in table 9 the enlargement of the surface peak decreases with increasing implantation 
energy. So defects producedat large depths will not easily move to the surface. 
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5.5.1 Annealing behaviour gfthe 40 keV 11B implantation: 

The annealing behaviour ofthe sample implanted with 40 keV 2El5 B/cm2 is significantly 
different from the annealing behaviour ofthe samples implanted with 11B with an energy of 10 
keV or less. For the lower energy(<lO keV) B implantations the increase in minimum yield is 
proportional to the number of defects detected. 
For the sample implanted with 40 keV B the minimum yield after an RTA treatment of lOs 
800°C was 7% and after an RTA treatment of lOs 900°C the minimum yield was 13%. For 
both annealing temperatures the direct scatter part was the same. This might indicate the 
formation of strain type defects since strain type defects do not cause direct scattering but they 
do cause dechanneling[FEL82]. 

5. 6 Results of TEM.SIMS and HallvldPauw measurements. 

5. 6.1 Damage characterisation with Transmission Electron Microscopy(TEM) 

To investigate the kind of defects that are formed during the implantation some implantations 
have been investigated with TEM. 
The TEM-pbotos of the samples that have not been annealed show an amorphous layer at the 
surface ofthe sample. The thickness ofthe amorphous layer is given in table 10 for the samples 
investigated with TEM. 
Around the projected range ofthe implanted 11B clouds[regions with contrast differences] are 
visible, indicating distortien ofthe lattice. No distinct defects such as dislocation loops or 
{311 }-defects [TAK91] are visible. The crystallographic planes are still visible around Rp and 
through the clouds, so the layer around Rp is not amorphous. The layer around Rp is not even 
amorphous fora sample for which random height was reached in the RB S-C spectrum( sample 
with 2.5 keV 8E15 11B/cm2 implanted). 

Sample Number of Si atoms in # Displaced Si atoms in the surface 
surface layer determined peak determined with RB S-C (Virgin 
from the thickness of the peak subtracted) 
observed amorphous layer 

lkeV 2.6El5 8*1015 44*1015 

lOkeV 3.6El5 3Q*}QH 29*1013 

lOkeV 8El5 75*1015 79*1015 

table 10 Comparison of the thickness of the amorphous layer at the surface found with TEM 
and ofthe number of displaced Si atoms at the surface found with RB S-C. 

To obtain additional information on the annealing behaviour ofthe B implanted samples TEM 
pictures have been made of samples implanted with 10 keV 11B. 
The TEM pictures were made of a sample implanted with 10 keV 3.6El5 11B/cm2 after an 
RTA treatment of 10 s 800°C, a sample implanted with 10 keV 2El5 11B/cm2 after an RTA 
treatment of 10 s 900°C, and a sample implanted with 10 keV 8El5 11B/cm2 after an RTA 
treatment of 10 s 1000°C. 
The pictures revealed regions of contrast differences around Rp just like before annealing. The 
amorphous surface layer present before annealing has recrystallised (see tigure 25). 
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figure 25 Tempicturesof a sample implanted with 10 ke V 8EJ5 JJB!cm2 .Before(left) and 
after(right) an RTA treatment of lOs JOOO'C. 

Because the sample implanted with 40 keV 2El5 11B/cm2 showed a different annealing 
behaviour than implantations performed with an implantation energy of 1 Oke V or less, TEM 
pictures were made ofthe sample implanted with 40 keV 2El5 11B/cm2 after an RTA of lOs 
900°C. 
The TEM pictures revealed for this sample the presence of extended line defects, such as 
{311 }defects, and some clouds such as found for the samples implanted with B with lower 
energy{l-1 Oke V). The presence of extended defects is in agreement with the decbanneling 
behaviour found with RB S-C. 

5. 6. 2 SIMS pro files. 

SIMS measurements have been performed to determine the implanted dose. The 11B profile is 
determined as a function of the annealing temperature to provide insight in the ditfusion 
process that occurs during an RTA treatment. In figure 26 a series of 11B depth profiles is 
displayed fora sample with 5 keV 4*101s 11B/cm2 implanted. 
The maximum concentration is measured at the depth predicted by TRIM for the samples as 
implanted. After annealing a broadening of the tail is observed. This is caused by Transient 
Enhanced Diffusion(TED), which takes place below a certain concentration which depends on 
temperature[SOL91]. For temperatures above 850-950°C TED occurs for concentrations up 
to the solid solubility[SOL91]. 
The part of the profile where the 11B concentration exceeds the solid solubility does not differ 
much from the profile ofthe 11B as implanted for annealing temperatures up to 1000°C. For 
annealing temperatures higher than 1 000°C the high concentration part of the profile starts to 
collapse. The peak where the boron concentration exceeds the solid solubility becomes smaller 
and the maximum concentration decreases, see figure 26. The 11B that was originally present 
near Rp is redistributed to larger depths. 
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For the sample with 5 keV 4*1015 llB/cm2 implanted the peak near Rp has completely 
disappeared after an RTA treatment of lOs 1200°C . 

.. The integrated number ofB atoms/cm2 decreases for the annealing temperatures above 
1000°C. After an RTA treatment of lOs at 1200°C only 50% or less ofthe originally implanted 
do se is present in the sample. The decrease in integrated number of B atoms might be caused 
by trapping ofthe llB at the surface ofthe sample [STI96] where close determination with 
SIMS is less accurate[BER97]. 
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figure 26 SIMS depth profiles as ajunetion of annealing temperature(in brackets the 
integrated number of 11 B atoms is given in 1015 atlcm2

). 

5. 6. 3 Electrical activation 

400 

Hall v/d Pauw measurements have been performed to investigate the electrical behaviour ofthe 
samples. Mainly the number of charge carriers, which corresponds to the number of 
substitutionalllB atoms, will be treated here. An interpretation ofthe results ofthe Hall v/d 
Pauw measurements in relationship to the damage measured with RB S-C will be given in 
section 7.12. 

For interpretation ofthe RBS-measurements and determination ofthe type oflattice distortion 
the number of charge carriers is of interest. Knowledge of the number of charge carriers might 
indicate which part of the implanted B causes the lattice distortion. 
In figure 27-figure 29 the electrically active percentage ofthe Bis given as a function ofthe 
annealing temperature for different implantation energies and doses. The electrically active 
percentage of the implanted llB is determined by dividing the number of charge carriers to the 
implanted close. The number of charge carriers is determined using equation 3 3. 

The reproducibility of the electrical measurements is approximately 10%. Ho wever, the 
number of charge carriers determined is very sensitive to the placement of the contact pins. If 
the contact is poor or the pins are not placed well at the circumference of the sample the 
variations in determined number of charge carrierscan be 30% or more. 
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The number of charge carriers is very hard to determine in the samples as implanted since both 
the activated percentage ofthe implanted Band the mobility are low.(For the samples as 
implanted the mobility is typically smaller than 10 cm2Ns, for the annealed samples typically 
20-80 cm2Ns). Consequently the sheet resistance is very high and it is difficult to achieve a 
good electrical contact with the sample. 
After annealing the electrically active percentage rises with annealing temperature, for most 
implantations the electrically active percentage reaches its maximum after annealing at 11 00°C, 
as can beseen in the figures below. 
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figure 27 Electrica/ activation for 2E15 Blcm2 implantations as a function of annealing 
temperaturefor energiesof 1-10 keV. For each series the implanted dose, measuredwith 
SIMS is also given. 
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figure 28 Electrica/ activation for 5E15 Blcm2 implantations as a function of annea/ing 
temperafure for implantation energies of 1-1 Oke V. For eaqh series the implanted dose, 
measured with SIMS is a/so given. 
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figure 29 Electrical activation as a junction of annealing temperafure and implanted dose for 
samples implanted with 10 ke V B . 

F or higher do se the annealing temperature for which the electrical activatien appears to reach 
its maximum increases. However this effect is only observed for the samples implanted with 10 
keV B. The maximum percentage electrically active Bis for most implantations around 100%. 
For the higher energy [40-160 keV] 2E15 implantations the activatien becomes maximal for an 
annealing temperature of 11 00°C and the electrical active percentage does not decrease after 
annealing at 1200°C. The maximum electrical active percentage ofthe implanted Bis for the 
higher energy[ 40-160 ke V] implantations approximately 13 0%. 
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6. Boron dose determination in thin layers using the 670 keV 11B(p,alBe 
reaction 
For the interpretation of damage production caused by baron implantations knowledge ofthe 
total implanted do se is of vital importance. Do se determination with SIMS becomes less 
accurate for very high B concentrations[> 1 021or 1022 at/cm3

] In order to obtain a matrix 
independent technique for determination of 11B dose the possibility ofB detection using the 
van de Graaff accelerator present at the Philips Research Laboratones Eindhoven is 
investigated. 11B can be detected using the 11B(670 keV p,a)8Be reaction. Experiments have 
been performed to investigate the accuracy and reproducibility of this reaction. 

6.1 Theoretica/ background 

When a beam of protons is directed onto a target the protons can induce a nuclear reaction. 
For exothermic nuclear reactions no energy threshold exists. Each nuclear reaction has an 
energy and angle dependent cross section. The energy width of the reaction must be 
appropriate for the kind of information desired. F or depth profiling a small resonance peak is 
desired. The depth profile can be obtained by varying the energy of the incident beam and 
measuring the reaction yield for these energies. 
For dose determination a very wide resonance peak is desired so al particles present in a layer 
contribute equally to the measured reaction yield. 
In order to apply a nuclear reaction in materials research several conditions have to be met: 

I The reaction yield from reactions with other elements in the sample should be small in 
comparison to the reaction yield from the element of interest. 

II The reaction must have a sufficiently high cross section. 

The 670ke V proton induced reaction of 11B which produces a 3. ?Me V a particle[MA Y77] 
and a 8Be nucleus has a cross-section of90 mbarn/sr[MAY77] and the width ofthe resonance 
peak is 300keV [TES95]. Interference of other reactions can only be caused by interference of 
the 15N(p,a)12C or the 180(p,a)15N reaction[LIG72]. Because ofthe small natural abundance 
and relatively small cross sections of these reactions interference from these reactions is 
negligible if the N or 0 concentration does not exceed the baron concentration by a factor of 
103[LIG72] 

6. 2 Experimental 

The experiments are performed using the RBS-setup present at the PRLE. The a particles with 
an energy of-3. ?Me V are measured with the detector normally used for Elastic Recoil 
Detection. In front of the detector a 1 OJ..Lm thick mylar foil is placed to stop the protons that 
are scattered forward. The setup is schematically represented in figure 30. 
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tigure 30 Schematic ofthe used setup for IJB dose determination with NRA. 

The detector used for measuring the a. particles is placed at a scatter angle of30°, and it has a 
solid angle ofapproximately 1msr. The surface ofthe sample is placed at an angle of 15° with 
the incident beam, which increases the number of reactions by a factor 4 in comparison with 
normal incidence. 
The disadvantage of placing the sample at a small angle with the incident beam is that 
misorientation of the sample surface( up to 1 o for 100 Si[SEM]) willlimit the accuracy of do se 
determination. A deviation in surface orientation of 1° will cause an error in determined dose 
of approximately 7%. 
The energy loss of670 keV protons in Si is approximately 60keV/~m [TRI92]. So fora 100 
nm thick layer the energy loss of the incoming protons will be approximately 25 ke V. An 
energy loss of 25 ke V will cause a difference in reaction cross sectien of approximately 
15%( estimated from tigure 31) 
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tigure 31 Reaction cross section ojthe uB(p, a/Be reaction obtainedjrom [VOL96}. 

6.3 Results 

For the investigation ofthe applicability ofthe 11B(p,alBe reaction to measure the boron dose 
present in a thin layer, two series ofmeasurements have been performed up till now. 
In tirst series of measurements the yield of detected a-particles is determined for samples with 
boron doses of 5 * 1014/cm2 up to 3 * 1016 /cm2

• 

In tigure 32 the measured a-yield is given as a function of 11B dose[measured with SIMS]. For 
all the measurements performed the total number of counts is more than 600 so the statistica! 
error is less than 5% [except for the sample with 5El4 B/cm2 implanted, for which 100 counts 
are measured]. 
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tigure 32 Reactionyield as ajunetion ofuB dose 

In this tigure all measurements that have been performed are displayed. F or the sample 
implanted with SEIS 11B/cm2 and the sample implanted with 1.4El6 11B/cm2 some 
measurements(indicated with a cross) give rather high values for the measured reaction yield. 
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F or these measurements the measured beam current was much lower than for the other 
measurements. The difference in measured beam current is probably caused by a difference in 
the amount of secondary electron emission. 
When the angle between the sample surface and the incident beam is 15°{glancing incidence) 
the measured beam current is usually higher than the incident beam current. Electrons emitted 
from the sample surface increase the measured current. 
The influence ofthe secondary electron emission on the measured beam current is determined 
by measuring the beam current for normal incidence and for glancing incidence. The current 
measured at glancing incidence is 3 5% higher than for normal incidence, using a constant 
incident beam current. 
When a sample has a bad electrical contact, the sample is positively charged by the incident Ir 
ions, which reduces secondary electron emission. 

In tigure 3 2 also the reaction yield of two measurements performed at differing angles of 
incidence is displayed (indicated with an open circle). For this sample the number of cts/J..l.C is 
measured for an angle of incidence of 13°,15° and 17°, resulting in a number of cts/J..l.C of 
respectively 18.3,15.8, and15. 
When the measurements with an angle ofincidence different from 15° and with a deviating 
measured beam current are left behind, a linear relationship between reaction yield and the 
implanted dose[as measured with SIMS] is obtained, see tigure 33. 
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tigure 3 3 Relationship between B dose [as measured with SIMS] andreaction yield 

The solid line satisfies the following relationship: 
Reaction yield = 1.3 (cts/J..l.C)/(101satoms11B/cm2

) 

Fora reaction with a cross section of 90mbam/sr and a detector opening angle of 1msr a yield 
of 2.2( cts/J..l.C)/(1 01satoms11B/cm2

) is expected. 

The second series ofmeasurements is performed on a sample with 250 eV 2.7E15 11B/cm2 

implanted, using different protonenergiesin the range of650-680 keV. This experiment is 
carried out to investigate whether in this range a large difference in reaction cross section 
could be measured. In this series secondary electron emission will not influence the 
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measurements since the number of incident particles is directly obtained from the height of the 
spectrum of the backscattered protons. 
The spectrum is measured while the sample was rotating around the surface normal, and the 
sample was tilted 3°. Tiltingis a rotation ofthe sample in the planenormalto the plane formed 
by the incident beam direction and the detector. 
The sample was rotated around the surface normal over 90°. The results of these measurements 
are given in tigure 34. To investigate the reproducibility ofthe measurements the reaction yield 
is measured twice for several proton energies. The second measurement for a certain proton 
energy is given in series 2 in tigure 34. The integrated current is determined from the height of 
the backscatter spectrum of the protons. 
In table 11 both the total number of counts as the number of counts/J..LC are given. The 
statistica} error equals the square root of the number of counts detected. 
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tigure 34 Reaction yieldfor different proton energies. 

• Series1 

• Series2 

• 

680 690 

The reaction yield for the first measurement is much lower than for the other measurements 
(see table 11). This deviation is most probably caused by the experimental conditions. Two 
possible explanations for the deviation are: 
1 During this measurement the proton beam feil off the target repeatedly. Possibly 

channeling causes a deviation in the correction for the current integration, since this 
sample has only been rotated around the surface normal for ±3 0°. 

2 The amplifier was switched on just before the first measurement. Possibly the amplifier 
was not warmed up yet which can influence the performance ofthe amplifier. 

The second series lies completely above the first series. However the differences lie within the 
statistica! error the increase in yield appears to be systematic. The first series of measurements 
performed for proton energies of650, 660 and 680keV gives an average reaction yield of 
8.7±0.2 cts/J..LC the second series provides areaction yield of9.0±0.3 cts/J..LC. 
The difference in reaction yield might indicate a change in sample composition induced by the 
proton beam. During the measurements the sample was irradiated with more than 1mC/cm2

. 
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Proton energy(ke V) Counts Counts/_gC* 
670 186 7.3 
680 578 8.2 
650 565 8.4 
660 553 9.2 
665 504 8.3 
670 534 8.9 
675 322 8.2 
680 270 8.8 
660 295 9.4 
650 247 9.0 

table 11 Reaction yield for different proton energies, displayed in chronological order of 
measuring. (*lntegrated current obtained from backscatter spectrum ofprotons). 

Using direct integration ofthe measured beam current (necessary for comparison with the 
previous measurements) gives a average reaction yield of 6.1 cts/J..t.C. This would correspond 
toa implanted dose of6.111.3=4.7 *1015 at B/cm2

, assuming the angle ofincidence and the 
influence of secondary electron emission are comparable for this series of measurements and 
the do se dependent series of measurements treated in this paragraph. 
Dose determination with SIMS gives a B dose of2.7 *1015 at B/cm2

, which is 40% less than 
the dose determined with NRA. 
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7. Discussion 

7.1 Damage produced by imp/antation of 11 B with an energy of 0.1-1 ke V. 

The damage formation ofB implantations into Si can be the result of several mechanisms. 
Two mechanisms will be reviewed here: 
1 Displacement collisions. 
2 Lattice distortien by precipitation. 
Displacement collisions can be predicted with linear cascade theory for low dose, light ion 
irradiation[Wll..84]. In the region where linear cascade theory is valid the amount of damage 
can be predicted with equation 5. 
For 11B implantations with an implantation energy of 1 keV or less the nuclear part ofthe 
stopping is approximately 2/3 ofthe total stopping. Using equation 5 gives: 
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where Nd is the number of displaced atoms/cm2
, Ni is the total number ofimplanted B ionsper 

cm2
, and Ei the implantation energy in eV. 

In tigure 12 both the measured number of displaced atoms are given as the number of 
displaced atoms predicted with the KP formula. Up toa B dose of3El5 B/cm2 the maximum 
difference between the measured number of displaced atoms/cm2 and the KP-damage is 3E 15 
displaced Si atoms +15% ofthe total number ofdisplaced Si atoms measured. 
The absolute accuracy in the determination of damage is not better than 1 0% of the number of 
displaced atoms +lEIS displaced atoms /cm2

. The accuracy of dose determination with SIMS 
is for these samples approximately 10%. So for the implantations with an implantation energy 
of lkeV or less and a B dose ofless than 3E15 B/cm2 the KP formula prediets the number of 
displaced Si atoms well, within the accuracy ofthe measurements performed. 

Lattice distortien by precipitation of the implanted B is also a plausible explanation. Because 
much B is implanted in a very thin layer the B concentratien exceeds the solid solubility. The 
solid solubility ofB is 1020at/cm3 in Si at 1000°C[FAI90]]. Fora sample implanted with lkeV 
IE14B/cm2 the maximum B concentratien already exceeds 1020at/cm3

. 

F or both mechanisms there is a maximum in the amount of damage that can be generated 
[ unless mobile defects that are generated are trapped at locations in the lattice outside the 
implanted region]. Assuming damage formation not to take place beyond Rp+2~ the 
maximum number of displaced atoms per cm2 is equal to the number of Si atoms in a layer of 
width Rp +2~. The number of Si atoms present in a layer of thickness Rp +2~ is for a 
sample implanted with lkeV B 65EI5/cm2

. Fora samples implanted with 0.5 keV B this 
number is 40El5/cm2

, fora sample implanted with .25 keV B 25El5/cm2
, and fora 100 eV B 

implantation 15EI5/cm2
. 

7.2 Damage produced by implantation o[n B with an energy o(2.5-10 keV. 

For implantation energies of2.5-10 keV damage is no longer predicted by equation 5,as can be 
seen in tigure 15. This tigure shows that for low doses the damage increases slowly with do se. 
Fora certain dose(dependent on implantation energy) the total damage increases more rapidly 
with dose. For even higher dose the damage does not increase much anymore, at this point the 
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lattice is expected to be amorphous around Rp, or so highly damage channeling is prevented in 
the damaged layer. 
The same shape of the damage-dose curve bas been reported for several types of 
ions[TIT96,BAI91, TH081]. 

What could be the reasons for the fact that for these energies the KP formula is not able to 
predict the number of displaced Si atoms for the samples implanted with B with an energy of 
2.5-10 keV? 

I: The angle between incident ion beam is smaller than the acceptance angle for 
channeling, so B ions will channel. The acceptance angle for channeling for a 10 ke V B 
implantation in Si(100) is approximately 11°, calculated with equation 20.Channeling reduces 
the fraction of the i ons energy deposited in nuclear collisions, so channeling reduces the 
number of displacement collisions. The reduction of nuclear stopping increases the range of the 
B i ons. So if a large part of the B i ons channels, the range, measured with SIMS should be 
higher than the range calculated with TRIM[TR192]. The SIMS measurements performed 
show no such deviation. 

11 For the given implantations linear cascade theory is no longervalid because: 
A The high level of energy deposition per atomie plane causes thermal spikes 

where the lattice temperature exceeds the melting temperature. 
However, thermal spikes cause more damage than predicted with linear cascade 
theory[WIL84], the experiments performed show less damage. 

B When damage density is above 10% the displacement energy is much lower than 
fora perfect lattice[WIL84]. The increase in the slope ofthe damage-dose could be explained 
with this lowered displacement energy. A lower displacement energy results in more damage 
generated, while the KP formula overestimates the damage. 

C Damage formation is not a result of displacement collisions, but a direct 
consequence of distortion of the lattice by the high B concentration. 
If the damage is caused by lattice distortion due to the high B concentration the KP formula 
will off course not be able to predict the nuinber of displaced atoms. This would imply that the 
agreement found between the measured number of displaced atoms and the KP formula for 
lower implantation energies is just accidental. 

The slope of the damage-dose curve is reported to depend strongly on current density during 
the implantation[TIT96][This dependenee of damage on current density was found for 
irradiation of Si with N]. In this work, for most samples implanted with 1E15 11B/cm2 or more 
the beam current was 1 00±20J.l.A. F or the 100 e V implantations the beam current was 
significantly lower[20-50J.l.A]. It is not known what the effect of such differences in beam 
current during implantation is on the formation of damage. 

The formation of damage at the surface has been reported in other experiments 
[ABR77,JON88,LOH94] and the main idea is that this surface peak is either caused by recoils 
from the surface oxygen present in he native Si02[also referred to as oxygen knock on],or by 
defects produced along the path of the implanted boron, such as interstitials or polyvacancies. 
These defects are expected to have a large mean free path in the silicon lattice, so they are able 
to reach the surface. At the surface of the sample these defects are trapped, thereby creating 
lattice disorder resulting in an enlarged surface peak. 
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Formation of damage at the surface is not very reproducible for samples implanted with I 0 
keV B for doses above SE1S/cm2

. This might be caused by sample heating during the 
implantation. For an IO keV SEIS B/cm2 implantation the wafer might be heated 30°. 
Increasing the wafer temperature strongly red u ces the formation of damage at the surface of 
the wafer, as can be seen for the B implantations in a Si wafer of IS0°C. 

The detection of damage caused by implantation of 11B is no Ionger possible for implantation 
of SE 13 11B/cm2 or less for implantation energies of I-1 0 ke V. 

7. 3 Annealing 

After an RTA treatment of lOs at 700°C, the damage in the shallow surface layer has 
disappeared. This can be understood since TEM photos identified the damage at the surface as 
an amorphous layer. An amorphous layer starts to regrow by SPE at a temperature of 
SS0°C[MA Y68]. 
The annealing behaviour of the B implantations can roughly be divided in three regions: 

I Implantations resulting in a low maximum B concentratien (<2E20 B/cm3
) 

II. Implantations with a maximum B concentratien between 2E20 /cm3 and 2E21/cm3
. 

III Implantations with a high maximum B concentration(>2E21/cm3
) 

Ad I:For samples where the maximum B concentratien is less than 2*1020 at11B/cm3 

hardly none or no damage if formed around Rp. Damage is found not before and not after an 
RTA treatment. 

Ad II:For implantations with a maximum B concentratien between 2*1020 and 2*1021 

at11B/cm3 damage formation around Rp occurs. The damage density increases with implanted 
do se. The amount of damage around Rp increases after an annealing treatment of 1 Os at 600-
9000C. The amount of damage found around Rp is for most implantations with an implantation 
energy of2.S-10 keV maximalafter annealing at 900°C. 
For annealing temperatures of Il00°C and higher hardly no damage is left. After an RTA 
treatment of lOs 1200°C damage has disappeared completely. 
After annealing the amount of lattice damage around Rp seems to be correlated with the 
amount of 11B present around Rp in concentrations exceeding the solid solubility. For annealing 
temperatures where the amount ofB around Rp decreases the amount oflattice damage also 
decreases. 

Ad III:For the implantations with a maximum B concentratien above 2*1021 at11B/cm3 

the total amount of damage hardly depends on implanted dose anymore. Damage density 
around Rp is approximately 100%. The lattice ho wever is not amorphous; on TEM photos the 
lattice planes are still visible but with undefined clouds of contrast differences. 
After annealing the total amount of damage as found with RB S-C does not increase. An 
increase is not expected, since the damage density can not become more than 100%. 

From the measured temperature dependenee can be concluded that the increase in backscatter 
yield around Rp is not simply caused by the presence of simp Ie defects such as di-vacancies, 
smalt amorphous clusters or amorphous layers. These defects all anneal out at temperatures 
below 700°C[[BAI91 ], while for the implantations exceeding the solid solubility the annealing 
temperature must be as high as 11 00°C or 1200°C to remove the damage. 
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Assuming that precipitation causes the lattice distortion a plot of the maximum B 
concentration vs damage(#displaced Si atoms/implanted B ion) should result in a curve which 
is approximately the same for áll implantation energies. In tigure 3 5 the maximum amount of 
damage present around Rp is plotted versus the maximum B concentration. 
The maximum B concentration is calculated by dividing the implanted dose by 2ó"Rp. 
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tigure 3 5 Maximum number of displaced Si atoms around Rp per implanted B ion versus the 
maximum B concentration. 

Plotting damage against the maximum B concentration has the disadvantage that not explicitly 
the damage per B ion present above the solid solubility is calculated. However tigure 3 5 shows 
that no damage around Rp is found for maximum B concentrations below 2E20 B/cm3

. 

Damage saturates[ damage per implanted ion decreases] for maximum B concentrations above 
2E21 at/cm3

. 

The sample implanted with 2.5 keV B, with a maximum B concentration of 1E21/cm3 deviates 
much from the other measurements. This is either an artefact or an indication that the 
maximum number of displaced atoms per implanted B atom can not simply be predicted by 
calculation ofthe maximum concentration ofthe implanted B. 

7. 4 Implanting in a sample without native oxide. 

For the 0.25 keV and the 2.5 keV implantations the presence ofthe native oxide does not 
influence the amount of damage at the surface, as shown in table 4. 
F or the samples implanted with 10 ke V B damage at the surface is generated, both for the 
samples with native oxide as for the samples without native oxide. The amount of damage 
differs between the samples with, and without native oxide. These di:fferences however can not 
be directly attributed to the surface oxygen because the damage production of the 10 ke V 
implantations is not very reproducible. 
The cause of the irreproducibility is not clear yet. The 10 ke V implantations are possibly 
performed in a region where small variations in do se, dose-rate or wafer temperature( due to 
beam heating) can cause large variations in the production of lattice disorder at the surface. 
But although damage formation for the 10 ke V implantation is not reproducible it can be 
concluded oxygen knock on is not the cause ofthe disordered surface layer. 
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7. 5 Implanting in a sample with a trapping layer. 

The fact that the surface peak for the sample with the implanted trapping layer is smaller than 
for the sample without trapping layer indicates that the damage that is generated at the surface 
is a result of accumulation at the surface of defects that are formed along the boron track. 
These defects are mobile enough to reach the surface and cause a disordered layer. However it 
must be noted that for the 10 ke V implantations the total amount of surface damage is not 
really reproducible. 

lmplanting in a wafer where a [Si with 1E20 C/cm3
] trapping layer was present between the 

projected range ofthe implanted Band the surface did not influence damage formation. This 
indicates that the amorphisation of the surface layer either is caused by damage produced by 
the implanted B in the first 20nm of its path or by mobile defects which the grown trapping 
layer does not trap. 

7. 6 Imp/antation temperature dependence. 

The fact that the generation of damage around Rp does not depend on the wafer temperature 
during implantation indicates that the observed damage is not caused by displacement 
collisions but by formation of defects caused by the precipitation ofboron. The damage 
production by ion implantation depends strongly on the temperature of the wafer during 
implantation. Arnorphisation ofthe silicon lattice by implantation ofboron is no longer possible 
ifthe wafer temperature is above 100°C[Wll...84]. 
The sample with 10 keV 5* 1015 B/cm2 implanted at room temperature has the same annealing 
behaviour as a implantation done at 150°C. The formation of defects after annealing seemsnot 
to depend on wafer temperature during implantation, so the defects present at the surface after 
the implantation are not needed as a catalyst for the damage production during an R TA 
treatment. 
The fact that the surface damage depends on the temperature of the wafer during implantation 
indicates that this damage is a result of displacement collisions. This temperature dependenee 
does not indicate whether the damage is produced at the surface or around Rp. 

7. 7 Dechanne/ing 

The difference in decbanneling cross section between the samples as implanted and annealed 
(see figure 22)is not difficult to understand. After annealing the surface peak disappears 
already after annealing at 700°C while lattice disorder around Rp does not. This indicates that 
at the surface other defects are present than around the projected range. It is not unlikely that 
these defects each have their own decbanneling cross section. 
The dechanneling cross section is in the samples as implanted lower than annealed. This 
indicates that the defects present at the surface have a lower dechanneling cross section than 
the defects around Rp. The decbanneling cross section of randomly displaced Si atoms is 2-
4* 10"19cm2 [FEL82], this is lower than the decbanneling cross section ofthe defects present 
after implantation ofB(10±2*10"19cm2

). This is consistent with the fact that TEM pictures 
revealed an amorphous layer at the surface for the samples that have not been annealed. 
F or implantations of Si into Si a dechanneling cross section of defects of 7* 1 0"19 cm2 has been 
reported[BA191]. Soa decbanneling cross section larger than the decbanneling cross section of 
point defects does not occur for B implantations only. 
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7. 8 Higher energy implantationsO 0-160 ke [). 

The reason for the decrease of the damage formation at the surface for higher implantation 
energies is not clear yet. 
If the enlargement of the surface peak is caused by ditfusion of defects to the surface, more 
defects could be trapped moving towards the surface if the projected range is larger than the 
ditfusion lengthof these defects. 
If the defects are generated in a shallow layer near the surface the reason for the decreasing 
enlargement of the surface peak with increasing implantation energy could be the fact that for 
higher energies the nuclear stopping power is lower[TRI92]. In table 12 the number of 
displaced atoms at the surface is given together with the nuclear stopping power for B for the 
samples implanted with 2E15 B/cm2

, accuracy in determined damage is within lEIS displaced 
atoms/cm2+ 10% of number of displaced atoms. Damage formation scales with nuclear 
stopping power, though the number of displaced atoms in the sample implanted with 10 ke V B 
is relatively high. 

Implantation energy(ke V) Enlargement of the surface Nuclear stopping 
peak(l 015 Si/cm2

) power(eV/Á). 
10 13.1 7.9 
40 6.4 4.9 
80 4.5 3.4 
160 1.9 2.2 

table 12 Number ofdisplaced Si atoms at the surface for samples implanted with 10-160 keV 
2E15 B/cm2

, compared with the nuclear stopping power for the given implantation energy. 

Since the nuclear stopping power at the surface scales down with increasing projected range it 
is not possible to determine whether the decrease in formation of damage at the surface is 
caused by a limited ditfusion length of the defects generated around Rp or if the defects are 
generated in the first few nm ofthe path ofthe implanted B. 

7.8.1 Annealing behaviour gfthe sample implantedwith 40 keV !1. 
The observed annealing behaviour ofthe sample implanted with 40 keV 2E15 B/cm2(see 
section 5. 5.1) implies the formation of extended defects causing dechanneling. The presence of 
extended defects is confirmed with TEM. With TEM extended defects such as { 3 11 } defects 
are found with the sample implanted with 40 keV 2E15 B/cm2 that has been given an RTA 
treatment of 1 Os 900°C. The dechanneling cross section of these defects is not exactly known. 

7. 9 Beam energy dependent measurements. 

Plotting the minimum yield versus 1/E gives a linear dependenee ofxmin on 1/E within the 
margins of error. The measured energy dependenee of the minimum yield for sample X0904 
(see figure 24)can be represented by the following relationship: 

- [(17 + 3) (11 ± 3 )]~ Xmin- - + E 0 

U sing this relationship can provide some insight in the type of damage that can result in the 
dechanneling behaviour found, especially in combination with the direct scatter yield, given in 
table 8. 
In this section the dechanneling and direct scattering dependenee on beam energy of several 
defect types will be compared with the measured dechanneling and direct scattering behaviour. 
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Plotting the minimum yield vs 1/E gives, within the margins of error a linear dependence, see 
tigure 23. This indicates the presence of randomly displaced atoms or clusters of atoms since 
forthese defects the dechanneling crosssectionis proportional to 1/E. Extrapolating the 
minimum yield to infinite energy however does not result in a minimum yield of3%[which is 
the minimum yield for virgin Si( 1 00) ], but of approximately 17%. This indicates the presence 
of other defects. 

Since the energy dependenee ofthe minimum yield corresponds to that ofrandomly displaced 
Si atoms, some randomly displaced Si atoms are expected to be present. Therefore the 
dechanneling and direct scattering behaviour of randomly displaced Si atoms in combination 
with an other defect type will be discussed for three types of defects. 

I The dechanneling cross section of dislocations is proportional to E 112
. The scattering 

cross section of dislocations is negligible[FEL82]. If dislocations are the other type of defects a 
minimum should be found for the minimum yield between 0.8 end 2 Me V. This can be 
calculated from the measurements performed with a beam energy of 2Me V as follows. 
With sample X0904 the direct scatter part of the spectrum indicates the presence of 2E 17 
randomly displaced Si at/cm2

. The minimum yield is 22.5%. Assuming a dechanneling cross 
section for randomly displaced Si atoms of 3 * 1 0"19 cm2 results in a dechanneling contribution 
from the randomly displaced Si atoms of 6%. The dechanneling for virgin Si is ±3%, and is 
energy independent[FEL82]. So 13.5% dechanneling is caused by the dislocations. The 
minimum yield as timetion ofbeam energy is then: 
Xmin(E)=(3+6/E+9.5E112)% 
Resulting in a minimum Xmin of 18.4% for a beam energy of 1.16 Me V. 
No minimum in the minimum yield is observed, so dislocations combined with randornly 
displaced atoms do not give the observed dechanneling behaviour. 

11 The dechanneling cross section of dislocation loops is fairly E independent when the 
dechanneling length becomes comparable with the loop radius[KUD78]. The combined 
dechanneling behaviour of randornly displaced Si atoms and dislocation loops consists of a 
energy independent partand a part that is proportional to 1/E. So the dechanneling behaviour 
can be explained with the combination of randornly displaced atoms and dislocation loops. So 
can the direct scattering behaviour. 
Since the dislocation loop is a strain type defect it causes no direct scattering. The number of 
displaced atoms measured as a function of energy is energy independent within the margin of 
error(10%). So both experiment and theory show a direct scattering independent ofbeam 
energy. [Although a slightly higher value for direct scattering seems to be obtained for the 
highest beam energy, see table 8.] 

111 Staclcing faults have a fairly energy independent dechanneling cross section. 
Staclcing faults with a combined area equal to the surface area cause 3% dechanneling in 
Si(l OO)(see section 4.1.1.3). So in order to explain the observed dechanneling behaviour the 
combined area ofthe staclcing faults should be 14/3=4.7 times the area ofthe surface. 
For staclcing faults the direct scattering yield depends on beam energy. Fora combined area of 
4.7 times the surface area and a beam energy of2.2 Me V the direct scatter yield from the 
staclcing faults is equal to the direct scattering yield of66E15 Si-at/cm2(see table 8). Fora 
beam energy of0.8 Me V the direct scatter yield correspond to that of33E15 Si-at/cm2

. 
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So with the presence of staclcing faults the small rise in direct scattering for the higher beam 
energies could be explained. 

It should finally be mentioned that is still possible that a different type of defect, like twinned 
regions cause the measured disorder. 

7.10 TEM 

For the samples implanted with 10 keV B the thickness ofthe amorphous layer corresponds 
with the enlargement ofthe surface peak, see table 10. For an amorphous layer this is 
expected, since no channeling occurs and the Rutherford scattering cross section can be used 
to determine the number of Si atoms in the layer. 
The thickness of the amorphous layer found with TEM for the 1 ke V implantation does not 
correspond with the enlargement ofthe surface peak that is found with RBS-C as can beseen 
in table 10. Probably some damage is present beyond the amorphous layer. For this 
implantation energy the damage around Rp cannot be separated from the damage at the surface 
with the accelerator setup used. 
At the projected range of the implanted B no distin ct damage type has been found for the 1-
lOkeV implantations, only clouds with contrast differences are visible. 
With the 40 keV 2E15 B/cm2 implantation after an RTA treatment of lOs 900°C extended 
defects such as {311 }-defects are visible which is consistent with the high dechanneling level 
found for this sample relative to the number of defects found by integration of the direct scatter 
peak. 

7.11 SIMS 

Comparison of SIMS-profiles with RB S-C measurements shows that the total amount of 
damage aft er an R TA treatment is related to the amount of B present around Rp in 
concentrations exceeding the solid solubility. For all measurements the damage has 
disappeared when ditfusion ofB causes the B to be redistributed so no B is present in 
concentrations exceeding the solid solubility. 
For the dose measured with SIMS it should be considered that non linear effects might occur 
when around Rp the relative amount ofB in the Si latticeis more than a few at%, which can 
influence the accuracy ofthe measured B dose. 

7. 12 Electrical activation 

No clear relationship between damage and electrical activation is found. However when the 
maximum amount of boron is activated damage starts decreasing. 
For temperatures below the temperature where the maximum number ofB atoms is electrically 
active, a large part of the boron can be activated without damage disappearing. Camparing 
tigure 20 with tigure 29 shows that electrical activation and damage are not strongly related 
since almost no difference in electrical activation between implantations is observed for the 
samples implanted with 1-3.6E15B/cm2 but the amount of damage is significantly different for 
annealing temperatures up to 11 00°C. 
The decreasein electrical activation for samples annealed at high temperatures(1100-1200°C) 
is probably a result of boron disappearing from bulk Si, either by trapping at the 
surface[STI96,SCA90] or by evaporation ofthe boron. The disappearance from B from the 
bulk Si is in agreement with SIMS measurements where the total amount of boron measured 
decreases after annealing at temperatures of 1 000°C. 
The integrated number ofB atoms/cm2

, measured with SIMS decreases for annealing 
temperatures above 1000°C. Ifthis decreaseis taken into account for the determination ofthe 
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electrically active percentage ofthe B present in the Si lattice, the electrically active percentage 
of the B present in the Si lattice does not decrease after annealing, but stays constant at 120-
130%. Since the number of charge carriers exceeds 1019/cm3 the given percentage should be 
multiplied by the Hall factor r, as discussed insection 4.2.2. Doing this the electrical activation 
no long er exceeds 100%. 
Lattice damage di sappears when the electrically active percentage of the B present in the bulk 
Si becomes maximaL So the substitutional part of the boron is not causing the lattice damage. 

7.13 NRA 

The NRA measurements performed up till now show that dose determination with the nuclear 
reaction used [11B(670keV p,a)8Be]is possible. Experimental errorshowever are large in the 
measurements performed. 
The error in determining the number of incident protons is approximately 3 5% due to 
secondary electron emission. Misorientation ofthe surface causes an error of7%. Differences 
in reaction cross section betweenBat adepthof 100nm and Bat the surface can be 15%. 
The error caused by secondary electron emission can be solved using the backscatter spectrum 
of the protons to normali se the integrated current. 
The error caused by misorientation ofthe surface is largely averaged out by rotating the sample 
360° around the surface normal duringa measurement. Fora sample with a misorientation of 
1° the angle ofincidence will vary from 74° to 76°, resulting in an average angle ofincidence 
of75° rotating 360° around the surface normaL 
The differences in reaction cross section for B at a depth of 1 OOnm and B at the surface can be 
reduced by placing the sample surface normal to the incident beam. This will reduce the energy 
loss of the protons in the layer with the B present, so the differences in reaction cross section 
will be smaller, assuming the energy dependenee of the reaction cross section for normal 
incidence to be comparable to the energy dependenee for glancing incidence 
The NRA yield appears to be higher for samples implanted with B with low energy [ 100 e V 
5.7E14/cm2 and 250 eV 2.7E15/cm2

]. The dose, derived from the NRA yield is 80% higher 
than the do se according to SIMS. 
The measured difference probably is a combination of an error in the angle of incidence caused 
by misorientation of the surface, an error in the determination of the number of incident 
prot ons, a difference in reaction cross section and extra stopping of a's from B that lies 
deeper. The dose deterrnination by SIMS might also be influenced by the fact that the 
maximum B concentration is very high(>2.5E21/cm3

). 

The measurements performed up till now show that NRA with the used configuration is 
capable ofindicating the amount ofB present. For deterrnination ofthe accuracy that can be 
reached using this reaction more measurements have to be performed. 
For accurate measurements the samples probably can better be placed under normal incidence 
to avoid errors caused by geometrical differences. The a detector should be placed close to the 
sample in order to increase the measured reaction yield. The a detector should be placed at an 
angle of approximately 10° with the surface normal to avoid stopping of a particles. 
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An alternative for avoiding problems caused by the depth of the 11B-depth is the u se of 
calibration samples with different implantation energies. Then for each implantation energy an 
other calibration sample must be used. 
The reaction yield for an unimplanted Si sample should be determined to investigate the 
applicability ofthis reaction for B doses lower than 5E14/cm2

. 

To investigate whether the irradiation ofthe sample with protons might change the sample 
composition the reaction yield could be measured as a function of irradiated do se. 
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8. Conclusions 
Damage caused by low energy (0.1-10 keV) implantation of 11B is investigated. For knowledge 
of the optimal conditions for the fabrication of a shallow conducting layer with good electrical 
characteristics insight in the type of damage that is generated is needed. For this investigation 
RB S-C, Hall vd Pauw measurements, SIMS and TEM were used. 

• The damage caused by the implantation is found in two separate regions. 
1 The implantation causes a disordered layer at the surface, with TEM this layer is found 
to be amorphous. The origin of this layer is not fully understood, it is probably caused by 
defects that are produced along the path of the implanted B that are accumulated at the 
surface, causing it to become amorphous. 
Knock on of the surface oxygen is shown not to be the eau se of this surface damage. 
2 The implantation causes a disordered region around the projected range of the 
implanted B. 

• The damage found around the projected range of the implanted B is not yet fully 
characterised. For the samples implanted with 1 respectively 10 keV no distinct damage 
types are found with TEM. From the dechanneling level found with the RBS-C 
measurements the condusion can be drawn that the damage around Rp caused by the 
implantation of 11B not just consists of randornly displaced atoms. F or samples implanted 
with 40 keV 2E15 B/cm2 TEM revealed the presence of extended defects such as {311 }
defects. 

• Formation ofthe amorphous layer at the surface depends strongly on the temperature of 
the wafer during implantation. The damage formation around Rp does not differ much 
between a room temperature implantation and implantation in a wafer of 150°C. 

• Aft er annealing damage seems to be present for the 0. 1-1 0 ke V B implantations only if the 
maximum B concentratien exceeds the solid solubility. 

• Analysis of the samples aft er annealing shows that the defects present around Rp are not 
just simpte defects such as di-vacancies or small amorphous clusters, cause these defects 
anneal out at temperatures below 700°C[BAI91] and the defects around Rp do not. 

• For annealing temperatures of 1000°C or more damage reeovers very quickly, this 
coincides with the decrease of the amount of B present at concentrations exceeding the 
solid solubility. 

• For implantations of5*1013 11B/cm2 or less the damage caused by the implantation is no 
longer detectable with RB S-C, the amount of damage is less than the detection limit of 
RB S-C. 

• The implantation damage can not be separated from the surface peak for implantation 
energies of 1 ke V or lower. 

• From the beam energy dependent measurements can be concluded that ,assurning one type 
of defects are randornly displaced atoms, the other defects present are not dislocations. 
Dislocation loops or stacking faults are some damage types which can explain the observed 
dechanneling behaviour. 

• TEM shows that saturation of the implantation damage does not correspond with the 
formation of an amorphous layer around Rp, the layer however is so disordered channeling 
no longer occurs in that layer. 

• The presence of damage does not directly influence electrical activation, but when all B is 
electrically active damage has disappeared. 
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Condusion with regard to the NRA measurements. 
• Detection of 11B with the accelerator setup present at the Philips Research Laboratones 

Eindhoven is shown to be possible for 11B doses of SE 14/cm2 and more. Do se accuracy is 
poor in the measurements performed. (Maximum dose ditTerenee between dose obtained 
from NRA and SIMS was 80%[NRA-dose=1.8*SIMS dose]), Accuracy can probably be 
improved with the suggestions given insection 7.13. 
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9. Recommendations 
Fora better understanding ofthe crigin ofthe amorphous surface layer present after 

implantation, experiments could be performed in which the dependenee on damage formation 
at the surface on implantation energy is investigated using other elements than B. The nuclear 
stopping of As implanted in Si is maximal for an implantation energy of 70 ke V. The projected 
range for a 70 ke V implantation of As in Si is 50 nm. 
For an implantation ofB in Si the projected range is 14 nm for the implantation energy for 
which the nuclear stopping is maximaL 
For boron implantations the enlargement ofthe surface peak decreases for implantation 
energies above 10 ke V. 
Investigating the enlargement of the surface peak as a function of implantation energy might 
indicate whether the decrease in the enlargement of the surface peak is a result the decrease in 
nuclear stopping at the surface or of the enlarged projected range of the implanted i ons. 

To obtain a better depth resolution, needed for separation ofthe surface peak from the 
damage at depth, RBS-C measurements could be performed using an element with a higher 
atomie number than He for the RBS-C measurements, since the stopping power increases with 
increasing atomie number. An ether option for increasing depth resolution is the use of lower 
beam energies in combination with a detector with a better energy resolution. By decreasing 
the beam energy the depth over which the surface peak for a undamaged wafer is generated 
decreases[FEL82]. For 2 Me V He+ on Si(100) the surface peak is generated overadepthof 
more than 25Á[FEL82]. For 500 keV Heions the depth over which the surface peak is 
generated is already reduced 60 %[FEL82]. 
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