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АВГ9АСТ 
A correlation between the amount of disordar measured by channeling and 

the trajectory of measured ellipsometric angles (ф,Д) is reported. The im-
i *. ч * ~_ j w H n

+ 280.+ 31„+ 40- + 72_ + 75„ + 209 B J + 
plantation was performed by В , Si , P , Ar , Ge , As , Bi 
ions at room temperature. For fully amorphous smples the thick».<-ss data 
were obtained from channeling and the complex refractive index original _d 
from a 145 run thick amorphous layer. These experimental values were used to 
compute a theoretical curve in the ф-Д plane. The good agreement between the 
theoretical curve and experimental data provides a non-destructive, rapid 
and non-contact method to estimate the thickness of the amorphous layer. 

For buried and partially disordered layers a qualitative interpretation 
of different trajectories depending on the ion species and other implanta
tion condition such as energy and dose in the ф-Д plane can be given on the 
basis of channeling measurements in certain cases. It is also pointed out 
that plasma stripping plays an important role in preparing implanted samples 
for ellipsometry by removing the polymerized hydrocarbon film without affect
ing the disordered layer. 

АННОТАЦИЯ 

Методами обратного резерфордовского рассеяния, комбинированным с эффек
том каналирования, и эллипсометрии исследовались радиационные повреждения и 
осаждение углеводородов на кремниевых кристаллах, вызванные ионной импланта
цией. 

Комплексный показатель преломления аморфной кремниевой пленки был опре
делен по углам V и Д, измеренным эллипсометром, и по толщине пленки, измерен
ной при помощи эффекта каналирования. Кривые в плоскости ¥-Д, полученные пу
тем моделирования с ЭВМ на основе четырехфазной оптической модели, сравнива
лись со значениями, измеренными на имплантированных образцах. В случае пол
ностью аморфных пленок экспериментальные данные хорошо согласуются с теорети
ческой кривой. Для качественной интерпретации измеренных значений V и Д в 
случае частично разрушенных слоев значительную помощь оказали измерения эф
фекта каналирования. 

KIVONAT 

Csatornahatással kombinált Rutherford-visszaszórással és ellipszomet-
riával vizsgáltuk az ionimplantáció által okozott sugárzási károsodást és 
hidrokarbon lerakódást szilíciumkristályokon. 

Az amorf sziliciumréteg komplex törésmutatóját az ellipezométerrel mért 
ф- és Д-szögek és a csatornahatással mért rétegvastagság alapján határoztuk 
meg. A négyfázlsu optikai modell alapján а ф-Д sikon számítógépes szimuláció
val készített görbéket összehasonlítottuk az implantált mintákon mért érté
kekkel. Teljesen amorf rétegek esetén jó az egyezés a kísérleti adatok és 
az elméleti görbe között. Részlegesen roncsolt rétegek esetében a mért Ф- és 
Д-értékek kvalitatív interpretálásához lényeges segítséget nyújtottak a csa
tornahatáson alapuló mérések. 



1. INTRODUCTION 

During ion irradiation of a semiconductor sample a considerable amount 
of damage is produced in the substrate as the ion comes to rest. A variety 
of techniques such as transmission electron microscopy (ТЕМ) [1,2], 
backscattering spectrometry (BS) [3,4], optical reflection and transmission 
spectroscopy [5,6], electron paramagnetic resonance (EPR) [7,8] have been 
employed to obtain Jnformation upon the damaged region. 

Apart from these Tiethods there is the technique of eilipsometry, which 
is a sensitive, rapid and non-contact method of characterizing surface 
layers of materials [9,10] enabling changes in the state of polarized light 
after reflection to be studied. In addition ellipsometry has been proved to 
be a powerful means of investigating ion-bombarded layers [11-27]. 

For disorder analysis the combination of high resolution channeling [28, 
29] with ellipsometry after appropriate surface cleaning [23] seems to be 
promisinq [24]. 

In this paper we emphasize the important parameters that contribute to 
the measured ellipsometric data on ion-implanted silicon. We also deal with 
the results of measurements of damage thickness and the degree of disorder 
on ion-implanted silicon by combining ellipsometry with channeling. 

2. EXPERIMENTAL 

For experiments single crystal silicon wafers of both <111> and <100> 
orientation were used. As the cleanliness of the surface is a crucial point 
for optical studies Wacker-made wafers were placed into an implantation 
machine without any additional surface cleaning. 

To produce disordered layers, three sets of implantations were done at 
room temperature. The first set was performed by 40 keV В in the dose 
range of 1.6x10 -1x10 atoms/cm . In the second case, the thickness of the 
amorphized layers was varied between 42 and 150 run using energies of 
30-80 keV and different types of ions. Table 1 summarizes the implantation 
conditions. The shape of disorder distribution and the thickness of the 
amorphous layers were measured by channeling of 5 nm resolution using 
glancing detection [28,29]. 

The third set of implantations was performed by 60 keV P ions in 
13 IS 2 the dose range of 3x10 -3x10 atoms/cm . 
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A Soviet-made manual apparatus (type LEM-2) in the polarizer-otvtxnsatot-
-saaple-analyser (PCSA) configuration was used for ellipsometric measure
ments. The wavelength was 632.8 ran, and the ellipeometric angles were 
measured for an angle of incidence <p = 70 . 

3. RESULTS AND DISCUSSION 

3.1 Disturbing effect of carbon build-up in the ellipsometric studies 
of ion-implanted silicon 

Surface contamination of silicon produced by ion-implantation is due to 
the residual hydrocarbon gas pressure in the target chamber of the implanta
tion machine. There have been few studies on carbon build-up by ion-induced 
polymerization [30-33]. 

We detected the presence of carbon contamination by backscattering 
spectrometry on boron implants where the relatively high dose implantation 
produces only a small amount of disorder consequently lower dechanneling at 
the energy of carbon. As an example 40 keV В implantation into silicon 

16 2 
with dose of 1*10 atoms/cm is shown here in Fig. 1. This figure illus
trates the greatly improved depth resolution obtained using the glancing 
exit technique. The peak labelled "C" clearly shows the carbon contamina
tion on the surface of the sample. Plasma stripping has proved to be an 
effective method of eliminating polymerized hydrocarbon molecules from the 
surface [23]. The channeling spectrum of plasma-stripped sample demonstrates 
the effectivity of this cleaning procedure. 

Figure 2 shows the change of ellipsometric parameters as a function of 
duration of plasma stripping. The ф parameter is only slightly affected, but 
a dramatic change can be observed in the Д values. Such measurements have 
helped us in the optimization of plasma stripping procedure. 

The dose dependence of ellipsometric parameters before and after plasma 
stripping is illustrated in Fig. 3. We can see that the higher the dose, the 
larger the difference between the data measured on as-implanted and plasma-
-stripped samples, respectively; so this carbon build-up disturbs the el
lipsometric measurements especially at high doses. It is emphasized that 
plasma stripping is an important procedure in preparing ion-implanted 
samples for ellipsometry in that it removes the polymerized film without 
affecting the disordered layer. 
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3.2 Effect of thickness of amorphous layer 

It has been shown that elllpsoeetry can be converted to a quantitative 
method for fast disorder analysis as long as the disordered layer is fully 
amorphous, i.e. optically homogeneous, and the implantation dose is not too 
high [24]. 

In this paragraph we offer further illustrative examples over a range 
28 + 209 + of incident ions from Si to Bi . Figure 4 shows the measured el-

lipsometric parameters together with a computer-simulated theoretical 
spiral curve. The free parameter for simulation purposes was the thickness 
of the homogeneous amorphous layer. In the present simulations a four-phase 
approximation (air, 1 nm SiO-, amorphous silicon layer of different thickness 
and single crystal bulk) was applied using a computer program published by 
McCrackin [34]. The respective complex refractive indices were n =1.45-0.001, 
n . =4.63-0.761 and n . =3.85-O.02i. The optical constants of the amorph. cryst. r 

amorphous silicon layer were determined by choosing an arsenic implanted 
+ 15 •> silicon sample (130 keV As , 1x10 atoms/cm') and applying the three phase 

model. The three phases refer to the air, the amorphous silicon layer of 
145 nm thickness (determined by high depth resolution channeling measure
ment) , and the crystalline silicon substrate. 

figure 4 illustrates that the measured ellipsometric values are in good 
agreement with the calculated ones and there is good agreement between the 
thickness data obtained by channeling and those from the above mentioned 
computer simulation. With these agreements we have a non-destructive, rapid, 
non-contact method estimating the thickness of amorphous layers. 

3.3 Effect of ion-implantation dose 

The effect of disorder production as a function of increasing dose for 
В and P implantation was investigated. Figure 5 shows the measured 

ellipsometric parameters in the case of boron implanted samples. For com
parison the starting part of a calculated spiral curve has been plotted. 
During the present calculations a four phase approximation was applied. 
Similarity was found in the behaviour of the theoretical and experimental 
trajectories. At first glance it seems that this similarity is surprising 
because the disorder distribution of the model is characterized by a rec
tangular, homogeneous shape but the channeling spectrum of boron implanted 
silicon {Fig. 1) shows an inhomogeneous disorder distribution. 

A qualitative interpretation of this similarity can be given on the 
basis of the channeling spectra shown in Fig. 1. The energetic boron ions 
are shown to have generated substantial disorder near the surface of the 
silicon and created a buried disorder peak at a depth of approximately 
130 nm. Thompson et al. [35) have recently shown that the light ion induced 
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disordering is particularly rapid near the silicon surface. Other authors i36, 
37] have observed a well defined damage peak just below the surface of boron 
implants. 

Because ellipsonetry is extremely sensitive to surface layers the 
substantial surface disorder has a dominant effect on the ellipsometric 
parameters and the buried disorder has only a secondary effect because of 
the attenuation of light while traversing the near surface region. 

Figure 6 shows channeling spectra of 60 keV P implants. The charac
teristic features of these spectra ere that as ion fluence increases, dis
order also increases in a depth dependent way. Saturation is reached rapidly 
at the depth where the disorder production rate is largest. At бкЮ atoms/cm 
the channeling suggests that the buried disorder becomes fully amorphous, 

15 2 
and at 1x10 atoms/cm the surface becomes fully amorphous, too. The thick
ness of this amorphous layer increases slowly with ion fluence and the 
amorphous-crystalline boundary moves slowly into the silicon. 

The corresponding ellipsometric data with the theoretical spiral curve 
are shown in Fig. 7. For lower doses, where the damaged layer is optically 
inhomogeneous, the trajectory of 'he measured ellipsometric parameters ex
hibits a peculiar shape. For doses necessary for amorphization, the el
lipsometric parameters follow the theoretical curve. There is a good agree
ment between thickness data obtained by channeling and the thickness values 
of the computer simulation. 

It is a remarkable fact that a small increase in implantation dose in 
the region of 6xlO -lxlu atoms/cm causes a drastic change in ф which is 
correlated with the change of the degree of amorphousness at the surface 
region. 

4. SUMMARY AND CONCLUSIONS 

The monitoring of implantation induced disorder is an important task in 
the fabrication of integrated circuits. Ellipsometry is an attractive method 
for monitoring ion-implantation induced damage due to its non-contact and 
non-destructive nature and to its sensitivity and experimental simplicity. 
The quantitative determination of the complex refractive index changes due 
to ion-bombardment are complicated by the fact that for silicon the implanted 
sample has a multilayer structure: an underlying single-crystal substrate, 
the ion-implantation disordered layer, and a native oxide layer covering the 
disordered layer. 

In conclusion, we have shown that the non-destructive ellipsometric 
method is sensitive to ion-implantation induced damage. Ion-implanted silicon 
has been approximated as a four-layer structure composed of air, the single-
-crystal silicon substrate, the implantation disordered layer, and a native 
oxide layer. We have demonstrated that this approximation is suitable for a 
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fully amorphous layer. In the case of buried and partially disordered layers 
the channeling method helps to provide a qualitative interpretation of the 
measured ellipsometric parameters. 
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Fig. 1. Channeling spectra of В implanted eilicon along the 
<100> axie before and after plaema stripping 
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Table 1 

Summary of implantation conditions. The thickness of the amorphous silicon 
layer was measured by channeling 

Symbol Ion Energy 
[keV] 

Dose atoms/cm^ Thickness 
[nm] 

О 7 5 A S + 30 3.85K1014 42 

• 7 5 A S + 30 1K10 1 5 

• 4 0 A r + 30 1K10 1 5 

X 2 0 9 B i + 80 6*1C 1 4 58 

• 7 2 G e + 40 6.2xl015 

• 3 1 p + 50 15 3.1кКГ э 96 

+ 2 8 S i + 
80 
40 

1„10 1 6 

15 2х10 х э 
150 
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