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1 Het herstel van schade aangericht door implantatie bij hoge

energie verschilt niet van het herstel van schade aangericht door

implantatie bij lage energie.

bit proefschrift, hoofdütur. b

A. Hoeendal, ion implanica planar reeisitors, had. Eff., Vol. 7, pi)b,1971

o
2 tten temperatuur behandeling bij 600 C is voldoende om de

roosterschade op te heffen die veroorzaakt is door de implantatie

van boiium ionen met een energie van 1 MeV.

Uit proefschrift, hoofdstuk, b

3 ten annealbehandel HIM bij oplopende temperaturen is voor

implantaties met doses beneden de amorfïsatiegrens niet nodig.

uit proefschrift, hoofdstuk b

4 Hoge energie ionen implantatie is bi] uitstek geschikt om foto

diodes te maken met een verhoogde blauw-gevoeligheia.

Uit proef schrift, hoofdstuk. 6'

5 Ten onrechte verwacht Ford dat de electrische stroom zich

gelijkmatig zal verdelen over het contactoppervlak van

submicron-structuren met ondiepe p of n gebieden.

J.M. Ford,"Al/Si contact resistance for submicrometer design rules.",

IEEE Trans. Electron Dev., Vol.ED-32, p840, 1986.

S.S. Cohen, G. Gildenblatt and D.M. Brown,"Size, effects on contact

resistance and device scaling.",

J.Electrochem. Soc, Vol.ISO, p9?S, 1983

S.O. Proator, L.W. Linholm and J.A. Mazer,"Direct measurements of

interfacial contact resistance, end contact resistance and intevfacial

contact layer uniformity.",

IEEE Trans. Electron Dev., Vol.ED-30, pl535, 1983



6 Chen houdt in zijn overzichtsartikel over CMOS ten onrechte geen

rekening met de resultaten van Radojcic betreffende hot-

electron effecten bij p-kanaal MOS-tr^nsistoren.

J.ï. Chen, "CMOS-The emerging VLSI technology.",

ICCD, Teahn. Dig., plSO, 198b

R. Radojaio,"Hot-electron aging in p-channel MOSFET'e for VLSI CMOS.",

IEEE Trans. Electron Dev., Vol.ED-31, pl896, 1984

7 Het verdient aanbeveling bestuurlijke functies aan universiteiten

en hogescholen te laten vervullen door professionals in plaats

van door prof's.

J. Middelhoek, "Wie het kleine niet eert, "oratie T.H.Tuente 198a

8 De term "ionenbundel lithografie" gebruikt bij net direct

schrijven van structuren in silicium is niet juist. De term

"ionenbundel silicografie" geeft duidelijker aan wat bedoeld

wordt.

9 De gevaren voor de gezondheid welke zijn verbonden aan het pellen

van sinaasappels worden onvoldoende onderkend.

10 Ouders kunnen met een gerust hart het prettige gevoel krijgen bij

de EDAH écht iets ta besparen, omdat AH wel op de kleintjes

blijft letten.



Samenvatting

In 1981 verwierf de vakgroep IC technologie en Electronica met

middelen van de stichting FOM een ionen implantatie machine met een

versnelspanmng van 500 keV. Üeze vetsnelspanning is belangrijk

hoger dan die van productie machines (ca. 200 keV). Üoor gebruik te

maken van duboel- en drievoudig geladen ionen kan het energie-bereik

van de machine iwj vergroot worden.

Op deze manier Kunnen ionen relatief diep in het halfgeleider

kristal silicium geïmplanteerd worden, zodat zich interessante

perspectieven openen voor het maken van (geïntegreerde)

schakelingen.

In dit proefschrift worut. een aantal fundamentele kanten van het

gebruik van hoge energie ionen implantatie onderzocht. Voordat deze

techniek toegepast kan worden is het noodzakelijk te weten hoe de

geïmplanteerde verdelingen eruit zullen zien en of de door deze hoge

energieën veroorzaakte beschadigingen aan het silicium kristal met

de gebruikelijke temperatuur behandelingen weer ongedaan gemaakt

kunnen worden.

Deze onderwerpen zijn op verschillende manieren onderzocht.

Daartoe is voor sommige onderdelen samenwerking aangegaan met andere

onderzoeksinstuten, met name de universiteit van Western Ontario in

Canada, TNO Apeldoorn, het Laboratorium voor Algemene Natuurkunde

van de RU Groningen en de vakgroep Electronische Materiaalkunde van

de TH Eindhoven.

Tot slot wordt een toepassing van een hoge energie implantatie

beschreven: de fabricage van en metingen aan een fotodiode met een

verhoogde blauwgevoeligheid.

De beschreven resultaten leiden alle tot de conclusie dat hoge

energie ionen implantatie zeer goed toepasbaar is in de halfgeleider

technologie.
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INTRODUCTION

1.1 Historical perspective

Ion implantation in semiconductors was introduced by W.Shockley, who

patented the idea of "Forming semiconduetive devices by ionic bombardment"

in 1957 [1.1]. One of the roost important conclusions from this patent was

the need for an anneal step to follow the implantation itself, to remove

the implantation damage and make ,he junctions useful. The equipsciit to

accelerate charged particles was already known in those days, because

bombardment of solids with alpha-particles was already used as a technique

since Rutherford [1.2] and Bohr [1.3]. In his patent, Shockley defined the

necessary equipment for ion implantation. He even mentioned the

possibilities of a direct-writing implanter: "The junction may be formed in

accordance with a preselected pattern either by the use of a deflection

system which sweeps an ion beam fooussed to an appropriate eross-section

over the semiconductive body or else by interposing a suitable aperture

mask between the ion source and the semiconduetive body" [1.1]. This

direct-writing technique has recently been developed [1.1] and direct-

writing systems are now commercially available [1.5].

Experimental research on ion implantation began in the early sixties,

with accelerators previously used in nuclear physics. It is worthwhile

mentioning here that the experiments thus started with implantations at

high energies. The major drawback of these machines, however, was the low

beam-current. Another severe problem at that time (1965), was the

difficulty to characterize the MeV-implanted layers properly. Profiling of

the implanted layers e.g. was performed with junction staining techniques

[1.6,1.7] leading to considerable experimental errors. Studies revealed MeV

ion implantation to be a far more complicated process than keV

implantation, (especially in analyzing them properly) and device

fabrication attempts did not yield promising results [1.8]. For these

reasons, research implanters were only developed in the 50-200 keV range to

nearly industrial equipment standards.



Production implanters were introduced around 1971, with energies of

about 60 keV and beam-currents of approximately 20 pA. This can be seen in

fig.1.1. Since then the development of ion sources led to the high-current

machines of today, with beam-currents of several milli-amperes.

fig.1.1 Development of maximum ion currents of

production ion implanters [1.9].

The splitting into two lines in fig.1.1 indicates separate developments of

medium- and high-current implanters. The dashed areas in fig.1.2 indicate

the recent development of high-energy implanters (top) and low-energy

implanters for more shallow implantations (bottom).

fig.1.2 Development of maximum energies of production implantere [1.9J.



From fig.1.2 it appears that the maximum energy of production

implanters remains at 200 keV. This energy range is sufficient for most

applications, such as threshold voltage adjustment, predeposition and the

formation of shallow junctions.

Ion implantation has gradually taken over the role of diffusion as the

main doping technique in the semiconductor manufacture because of the

advantages it has over diffusion [1.9,1.10]:

1. Doses can be controlled (in principal) precisely since the

incident ion beam can be measured as an electrical current.

2. Doping uniformity across a surface can be madj high.

3. The depth profile can be regulated by choice of various incident

ion energies, and in any case is different from a diffused

profile. This may offer opportunities to create sophisticated

circuitry, not possible by diffusion methods. (The so-called

"profile engineering").

h. It is a low-temperature process. This feature is not necessarily

important with silicon, but some compound semiconductors are

unstable at high temperatures.

5. Extreme purity of the dopant can be guaranteed by the mass-

selection of the ion-beam.

6. Particles enter the solid as a directed beam, and since there

is relatively little lateral spread, smaller and hence faster

devices can be fabricated. This is particulary important in the

trend of shrinking the device dimensions.

7. Dopants can be introduced which are not soluble or diffusable in

the basic material, or dopants can be introduced in quantities

exceeding the (solid) solubility.



8. The masking technique is not complicated: a sufficiently thick

photoresist layer suffices as a mask.

9. It offers the possibility to dope the semiconductor through

thin passivating layers, like silicon dioxide and silicon nitride.

10. Very shallow junctions, and hence steep profiles can be fabricated

with this technique.

However, ion implantation has some drawbacks as well:

1. Lattice damage is generated during the stopping process of the

energetic ions, and stopped ions are normally not situated on

regular lattice sites. Therefore they are not electrically active.

This problem can be dealt with through the activation of the

implanted ions at high temperatures, while in the same process

radiation damage is removed. In chapter 5 this will be treated

more extensively.

2. The depth-range of the dopants is restricted to a surface layer

of approximately two microns depending on acceleration voltage,

and mass of the dopant. In order to obtain deeper junctions, a

diffusion step will be necessary.

3. Because of the crystalline structure of the semiconductor, some

amount of channeling (steering of the ions in the "channels" of

the crystal) occurs, so the distribution of the dopants is not

completely controllable. However, this problem can be minimized

when wafers are oriented in a dense crystallographic direction

during implantation.

These drawbacks are of much less importance than the advantages and can

easily be overcome.



1.2 Implantation equipment

The ion implanter used in the experiments described in this thesis,

is a High Voltage Engineering 500 kV ion implanter, which is shown in

fig.1.3. This machine was built for research purposes only.

This type of ion implanter is known as a post-acceleration implanter;

i.e. the ion to be implanted is accelerated after the mass-separation has

taken place. In the first implanters pre-acceleration was applied, which

has the advantage that only a very small part of the implanter is at high

potential. However, with a pre-acceleration ion implanter much more power

is required at high voltage than with a post-acceleration machine. For

example: by using BF3 as a feed material, the beam contains only 7-10$
l lB + [1.12]. So when working with a pre-acceleration implanter

approximately 90$ of the acceleration energy is lost and large magnetic

fields have to be applied to separate the desired ion beam from the total

beam-current. Therefore post-acceleration type of implanters are necessary

for high-current applications.

In fig.1.1 a schematic drawing of the ion accelerator is shown from

which the important parts of the machine will be explained.

1 . The ion source

Many ion source types are developed for different applications. For

this machine three different sources are available:

A) a Penning source [1.13], capable of yielding multiply charged

ions. This is a cold cathode source operating with an anode

voltage of approximately 6 kV, using gas as a starting material.

B) a hot filament, hollow cathode ion source, originally designed

by G.Sidenius [Lit] and modified by B.Cleff et al.[1.15]. The

n?gnitude of the beam currents is slightly less than that from

the Penning source, but this source has the advantage that it

can ionize every material that has a vapour pressure of



1

fig.1.3 The 600 kV Heavy Ion Accelerator System.



fig.1.4 Schematic dmwing of the 500 kV ion implantation machine.

0.01 torr at temperatures of 1700°C or less. The disadvantages

of this source are the low filament lifetime Cl-8 hr) and the

complexity of operation in comparison with the Penning source.

C) a Penning-type source with filament, yielding a higher output of

doubly charged ions in comparison with the Penning source. This

source has a filament lifetime of 20-30 hours.

For our research especially doubly charged ions are important, because

this extends the energy range from 500 keV to 1 MeV. The yield of ions

with triple and higher charge states is too low to be used practically.

More information about sources can be found in Wilson [1.1b] and Aitken

[1.17].

2. The analyzing magnet

The analyzing magnet selects the desired mass from the total generated

ion beam. This magnet can separate masses between 1 and 250 AMU with a

resolution of 500/M (mm) [1.18]. Another method of separation makes use

of a Wien filter [1.19]. In this method an E x B field is applied in



such a way, that the desired ions follow a straight line, while the

other masses are deflected.

3. The acceleration tube

The tube consists of glass rings, with metal ring-electrodes in

between, to accelerate the ions with a maximum voltage of 500 kV.

A resistor stack parallel to the tube divides the high voltage in

equal steps along the tube.

<l. A quadrupole

The quadrupole focusses the accelerated ions on the target.

5. A switching magnet

This switching magnet with two ports at + 15 and -15 degrees is

absolutely necessary to separate singly charged and neutralized

particles, that originate in the acceleration tube or in the

quadrupole, from the doubly charged ions in the beam. In this way

"pure" profiles can be obtained.

6. Beamsweep system

An electric beamsweep with steerer positions and scans the beam

homogeneously over the wafer with very little spread in doping

concentration for low current applications. In medium- and high-current

machines usually combined electrostatical and mechanical, or

mechanical-mechanical scanning is applied. The reason for this is that

the total area to be implanted is enlarged, in order to spread the

implantation energy over a larger area to prevent the wafers from being

heated up too much. Some examples of scanning mechanisms are shown

schematically in fig.1.5.



fig.1.5 Various sean systems: a) hybrid scan, b) chain wheel,

a) ferrie wheel, d) spinning disc with magnetic soon,

e) spinning disa with double-meehanical scan [1.20].

7. Neutral trap

A neutral trap to catch the neutralized particles from the beam, in

order to prevent inhomogeneities in doping concentration across the

wafer. The charged particles are deflected electrostatically while

the neutralized particles follow the straight line and are stopped

in the wall of the neutral trap.

8. Target chamber

The experimental target chamber, that contains a wafer holder for eight

two-inch wafers, or for six three-inch wafers. The wafers are implanted



successively. In produetion-implanters, two types of target chambers

are used. Either a single-wafer implantation, with cassette to cassette

system (medium-current), or wafer holders containing up to 60 wafers

(both medium- and high-current). This is illustrated in fig.1.6.

fig.1.6 Various wafer holders: a) Wayflow (TM) system from

Varian/Extrion, h) VLSI wafer handling eyetem from the

same company. Both single-wafer eye terns for medium

current implantevs, a) Rotating disc with cooling for

high current implantere.
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9. Motor generator

A motor generator to supply the mains for the electrical equipment in

the high voltage terminal.

10. High-voltage stack

The high-voltage stack, which consists of a 30 kV, 16 MHz driver and

a doubler stack of diodes and capacitors to generate the high rectified

voltage. This method can be applied for voltages up to 1 MV. For higher

voltages usually Van der Graaff-generators are applied. These can be

made considerably more compact.

1.3 Outline of the thesis

At this moment, the 500 kV ion implanter is an integral part in the

fabrication of integrated circuits at the IC workshop of the Electrical

Engineering Department of Twente University of Technology. It is suitable

to perform the standard implantations from 30 to 200 keV, as well as the

high energy implantations as described below.

In this thesis fundamental research on 1 MeV implanted layers is

described.

Chapters two to four deal with the profiles of implanted impurity

distributions. In chapter two an overview of the range distribution theory

is presented. Chapter three starts with an overview of various profiling

methods, followed by a more extensive description of the three methods used

to obtain the implantation profiles, Secondary Ion Mass Speetrometry

(SIMS), Differential capacitance measurements (CV) and Nuclear Reaction

Analysis (NRA).

In chapter four the results of boron implantations in the range from

100 to 1000 keV and phosphorus implantations in the range from 100 to 1500

keV are presented as obtained with the three profiling techniques. The

results of these measurements will be compared in this chapter.

11



Chapter five deals with ths annealing of deep implanted layers. The

restoration of implantation damage and activation of the implanted impurity

(boron) is monitored by means of sheet resistance measurements on Van der

Pauw structures. Hall measurements on the same samples yield number of

carriers and mobilities, a more precise way of characterizing the

impurities in the layer. The restoration of the lattice resulting after

annealing also follows from noise measurements that are presented in this

chapter. The damage distribution and the residual damage after annnealing

are investigated by channeling measurements.

In chapter six one application of deep implanted layers is presented:

A silicon photo duo-diode with enhanced blue and UV sensitivity.

Other applications that are being investigated at the moment in our

group are retrograde well formation for CMOS [1.21] and the use of buried

layers in memories [1.22].

12
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2. RANGE DISTRIBUTION THEORY

2.1 Introduction

With the introduction of high energy ion implantation the depth range

of implanted dopant distributions is enlarged and new semiconductor devices

become possible. However for the fabrication of new devices a process has

to be developed, which requires the knowledge of the shape and the position

of the impurity distributions obtained by implantations at high energies.

These data should be included in process simulation programs like SUPREM

[2.1] to get reliable predictions of the impurity distributions that result

from the various processing steps.

The trajectory of an ion implanted in a target is rather complex due

to the many interactions with target atoms. However with the knowledge of

the physics of the interaction the resulting distribution and an average

path length R can be approximated from statistical calculations. The

results of such calculations are extensively tabulated [2.2,2.3].

Another method to get information about the resulting distribution is

the simulation of the implantation with Monte Carlo calculations. The

distribution is obtained from a great many individual ion trajectories that

are calculated under the assumption of a certain interaction potential and

classical collision mechanics. These calculations are very time consuming

because a lot of projectile trajectories have to be calculated to get a

reasonable distribution with sufficient statistics.

A different approach to obtain a description of an implanted

distribution is profile fitting. Here the data from previous experiments

as determined by one of the profiling methods described in chapter 3 are

used. By means of curve fitting an analytical description of the profile

can be obtained that can be used in process simulation programs.

The main topic in this thesis is the determination of profiles and

the description of them by means of curve fitting using a Pearson IV

distribution [2.4]. This distribution can be descrioed by four parameters

and it can easily be introduced in process simulation programs like SUPREM

15



2.2 Stopping Powers

When ions are implanted in a solid material interactions with the

target material cause slowing down of the ions. This is a continuous

process of energy transfer to the target material.

Two processes play an important role in these interactions: Energy is

lost in collisions with target nuclei and in interactions with the

electrons that surround the target atoms. The first process is called

nuclear stopping which is an elastic process that can be described with

classical mechanics. For very high energies relativistic effects have to be

taken into account. However in the semiconductor practice this will never

take place. Also nuclear reactions will not occur at the used energies.

The second process is called electronic stopping and it is an

ineleastic process. This process of slowing down is the result of

interactions from the implanted ions with the target electrons. In these

processes little momentum is transferred, so the original direction of

motion is hardly influenced and no damage is caused to the crystal. At high

energies and low masses the electronic stopping is the dominant stopping

process, which means that after an implantation at high energy the top

layer of the implanted sample is hardly damaged.

The average rate of energy loss with distance can be written as:

- 5 | = NSt(E) = N jSn(E) + S e(E)| (2.1)

Here E is the energy of the particle at a point x along its trajectory, N

is the average number of target atoms per unit volume and S(E) is the

stopping. The subscripts t;, n and e denote: total, nuclear and

electronic stopping.

The distance travelled by a particle with initial energy Eo that has

come to rest is called the range R. This distance can be calculated

from eq.(2.1) by integration:

n a0

R - j dx = 1 j dE/(Sn(E) + Se(E)j {2.2)

16



So when the expressions for nuclear and electronic stopping are known, the

range from an ion with a certain energy can be calculated from eq.(2.2).

In 1963 Lindhard, Scharff and Schiott [2.5] have developed a

theoretical basis for the study of the slowing down of heavy ions in

amorphous targets. This theory is generally known as the LSS theory. In

this theory they derive an expression for the nuclear stopping Sn on the

basis of the two-particle elastic scattering theory [2.6]. A differential

cross-section do is derived which describes the energy transfer of the

collision T and the scattering angle Q. This cross-section is determined by

the interaction potential V(r) between the two particles. A general form

for such a potential is:

Z,Z,q2
V(r) •= - i - ^ — f(r/a) (2.3;

4

Here Zx and Z2 are the atomic numbers of the projectile and the target atom

and q is the unity charge. f(r/a) is the screening function and a is

called the screening parameter. As a first approximation

f(r/a) = 1/(r/a) = a/r (2.4)

appears to be useful, but for a more accurate numerical evaluation the

tabulated Thomas-Fermi screening function has to be used. The screening

parameter a is given by the Thomas-Fermi value:

a= 0.8853 ao(Z*
/3 + Z'/3)"'/J (2.5)

where a0 is the Bohr radius (0.529 A). A functional approximation to the

Thomas-Fermi screening function is:

f(r/a) - (r/a) [(r/a)8 + C*]~ l / 2 (2.6)

with C = /3 as a best fit. Both screening functions as described by eqns.

(2.4) and (2.6) are shown in fig.2.1 together with the Thomas-Fermi

screening function.
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fig.2.1 The Thomas-Fermi screening function (TF) and the

screening functions as described by eq.(2.4): 1 and

eq.12.6): 2 [2.5].

With the knowledge of either an analytical or a numerical form of the

screening function, Sn can be calculated. When eq.(2.4) is used the

nuclear stopping power is found to be independent of the projectile energy

and can be written in the form:

= 2.8*1(T
(M,+M2)

eV cm2 (2.7)

with Z1/3 = ( Z ^ 3 * Z 2
a / 3 ) l / 2 and M, and Ms are the mass of the

projectile and the target atom respectively. This value of Sn°,

together with the function as calculated with the Thomas-Fermi screening

function is shown ir. fig.2.2. In this figure the energies and distances are

expressed in terms of the reduced parameters e and p defined by [2.5]:

a M,

Z,Zaq
2(M,

(2.8)

(M, + M 2 )
2

(2.9)
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fig.2.2 Nuclear stopping power as a function of reduced energie e

using the Thomas-Fermi screening function (TF) or the

1/r2 screening function (1) as described by eq.(2.4)

[2.5].

Using these dimensionless energy and distance parameters the nuclear

stopping power Sn* can be written as:

rcie\

and is a function of e only, independent of projectile or target material,

so that the curves in fig.2.2 represent the universal nuclear stopping

power, dependent on the screening function chosen.

An approximate expression for the electronic stopping power is

derived on the basis of the theoretical stopping properties of a free

electron gas. In this model the ion, having a charge of Z^, loses energy

both by close collisions with electrons and by excitations of plasma

resonance in the free electron gas at points that are distant from the ion

trajectory.

Lindhard and Winther [2.8] have shown that as long as the velocity of

the ions is less than the velocity of an electron having an energy equal to

the Fermi energy Ep of the free electron gas, the electronic stopping

power Se* will be proportional to the velocity of the ion:

S*(e) Cv k e
L

1/2
(2.10)
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l / 6 0.0793 I'/' zj'^M.+M,)1 '2
with: k - Z, • - - — ( 2 . 1 1 )

L ,,2/j 2/3. 3/i. 3/j l/s

(i! + Z2 ) M, Ma

chosen to be consistent with the Thomas-Fermi picture of the ion. From

experiments it appears that Se* varies periodically with atomic number

Zi of the implanted ion. This effect is not included in this model.

Instead of being exactly proportional to Jt, measured values of Se* are

found to satisfy the equation:

S (E) = k E P (2.10a)

where k is the result of a multiplication of k̂  with some correction

factor COR and p varies from 0.4 to 0.58 [2.2].

2.3 Range calculations

Once Se and Sn are known, the total range can- be calculated using

eq.(2.2). However, this total range is usually not the quantity measured

experimentally. The projection of the total range on the surface normal and

the deviations of this projected range that arise from the fact that all

particles do not suffer the same sequence of collisions are the most

interesting quantities.

In the LSS-theory [2.5] a differential equation is derived of the

form:

TM

-—p(R ,E) = N (P(R .E-T.COS0) - p (R .E)}do(T) (2.12)
aRD P J P P

v 0

where p is the probability density function, E is the ion energy, N is the

target atomic density, T the energy lost by a single collision, 0 the

deflection angle of the ion after the collision and do the collision cross-

section. By formulation of eq.(2.12) in spherical coordinates a set of
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recurrence relations between the moments of p is obtained by expanding the

result in Legendre polynomials of cos 0, equating coefficients of like

polynomials and taking moments of the resulting equations with respect to

Rp. These calculations are extensively treated by Gibbons et al.[2.7] who

tabulated the first three moments of the range distribution: the projected

range Rp, the projected range standard deviation ARp and the third

moment ratio Y, which is also called skewness.

In the LSS calculations the target is assumed amorphous. However for

semiconductor applications mainly single crystals are used. It appears that

when ion implantation is performed on single crystalline targets that are

oriented away from low index directions, the impurity distributions can be

quite accurately characterized by the range statistics for amorphous

targets.

2.H. Range distributions

Once the moments are known the impurity distributions can be obtained

from analytical expressions. According to LSS-theory implanted impurity

distributions can be described by a symmetrical Gaussian distribution:

r

ex P[-/(2TT)ARP 2(ARp)
2

where Nj denotes the implanted dose and Rp and ARp are the projected

range and the projected range standard deviation.

However the experimentally determined range distributions usually

are not symmetrical and therefore a third moment has to be included to

obtain a good profile description. In case the asymmetry is not too extreme

a distribution can be constructed by joining two half Gaussian profiles at

a modal range RM:

2Nd (x-RM)* .
C(x)« - exp[ — ] x£RM (2.11)

(AKp +ARp )/(2ir) 2(ARp )
2 M
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2Nd „ (x-RM)
2
 1

C(x)- expl - — ] XSRM (2.15)
(iRP+ARp)/{2n) 2 ( A R ) 2 M

Rjif, RPj and Rp2 can be calcula ted, e .g . from the f i r s t three moments

as tabulated by Gibbons [2 .2 ] :

Rp = RH + 0.8(ARp2 - ARPi) (2.16)

(ARD - ARDtl J i i
ARD ) 2 ,
Jii_ (0.218ARp +0.362ARPiARp2+0.281ARp ) (2.18)

) 3 ' 1 2 2

where Y is the third moment ratio.

Another distribution function on the basis of a Gaussian distribution

is proposed when the value of the skewness is larger than accepted in the

joined half Gaussian distribution. This type of distribution is an

Edgeworth function [2.2]:

C(y) = G(y) P(y) (2.19)

Here G(y) is a Gaussian distribution according to eq (2.13) and P(y) is a

Chebyshev-Hermitian polynominal of the form:

P(y) = 1 * (y3 - 3y) + {— Ky" - 6y' + 3) +

(y6 -15y" + t5y2 - 15) + (2.20)
72

In these equations y is the normalized distance variable defined by:

y * (x-Rp)/ARp (2.21)

and B2 is the fourth moment. This fourth moment, called kurtosis, is not

tabulated but can be calculated from the relation [2.2]:
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B-, = 3 + - y (2.22)

The Edgeworth description of the implanted impurity distribution shows

physically unrealistic negative concentration values for energies higher

than 100 keV for boron in silicon. Therefore Lutch et al.[2.9] have derived

a correction using half the value of the skewness proposed by Gibbons,

which leads to an improved description of the experimentally determined

profile. This is illustrated in fig.2.3 where the two versions of the

Edgeworth distribution are used to describe the impurity profile of a 1 MeV

boron implantation with a dose of lO'Vcm2.

~ l.DO 3.20 l.UD 1.50 i.SO 2.00 2.20 2.UQ

fig.2.3 Comparison of two versions of the Edgewovth distribution

using a 1 MeV 10^/am2 boron implantation. 1 : using the

skewnese from Gibbons, 2 : using the improvement proposed

by Lutch. G: Gaussian distribution.

These profiles are compared with a Gaussian distribution using the same

parameters taken from the tables of Gibbons. The most important conclusion

that can be drawn from this figure is that the moments used to construct a

certain distribution depend strongly on the analytical model chosen.

23



2.5 Range Tables

The LSS theory [2.5] has led to various calculations of the range

parameters. Because of different expansions and iterations differences

arise between the tabulated results of these calculations. Biersack and

Ziegler [2.10] give an excellent review of the most cited stopping and

range tables .

At our institute the tables from Gibbons [2.2] and Smith [2.3] are

used. In comparison with our experimental data Smith gives slightly better

results however, no skewness values are presented.

Ranges can also be calculated with the help of a special computer

program. This computer program is called DIMUS [2.11]. It uses a new

approach based on experimental stopping powers and energy-loss straggling.

In this approach the distribution of the directions of the ion motion

as a function of the ion energy is considered. For low energy implantations

(<100 keV/amu) the electronic stopping power law of LSS may be used:

Se = ( ^ e " kL £l/a (2-10)

with k̂  and e defined by eqns (2.11) and (2.8), and a new nuclear

stopping power approximation:

S* = (1L) , ( °l£ + 2.7/e)'
1 (2.23)

n dp n /e

This expression followed from the calculation of a set of interatomic

screening functions for 522 target/ion combinations [2.12]. By means of

fitting the screening functions with a series of three exponentials, a

universal interatomic screening function was obtained of the form:

f (X)-.18I8 exp(-3.2x) + .5099 exp(-.9<423x)
u

+ .2802 exp(-.1028x) + .02817 exp(-.20i6x) (2.21)



where x=r/a, the reduced radial coordinate. The universal potential as

defined by eqns.(2.3) and (2.21) is considered the most realistic general

potential when used with a new screening length a:

1/2

a - 0.4685 A /(Z° - 2 3 + Z°-23) (2.25)

This leads to an expression for the mean projected range:

(M, + M2) o
x = pp(A) (2.26)

P 4 2 N M,M2

where N = 0.602 p(gr/cro3)/M2 and pp is derived from:

2/e 1-1.2Xe~X
pp= . (2.27)P k (1+ M2/M.)

1+

k(0.6 + 2.7E)

with X defined by:

X = (2(1 + M2/M1)/2.7vek}
l/2 (2.28)

the precision of the final results is claimed to be ± 10?. In these

equations k is defined as:

k = COR * kL (2.29)

where k^ is defined by eq (2.11) and COR is a correction factor.

In the version of DIMQS available at our institute, apart from the

"normal" input parameters for range calculations: masses, target density

and atomic numbers, also the value of COR and the power p of E

(see eq. (2.10a)) can be varied making DIMUS a valuable tool for

parameter fitting.
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2.6 Curve Fitting

A different approach for describing an implantation profile

analytically is the fitting of experimental profiles with an analytical

expression. The moments thus obtained, together with the analytical

function, can easily be introduced in process simulation programs.

The method of curve fitting has been applied by Hofker [2.4] who has

found that the experimental data can be excellently described using a

Pearson type distribution. The advantages of a Pearson distribution in

comparison with other distributions which use higher moments are that the

former distributions have no negative values, a single maximum and can

model tails which are frequently found with implanted distributions. This

type of distribution requires four moments and is based on the differential

equation:

d (x-a) f(x)
_ f ( x ) = (2.30)
dx bo+b,x+b2x

2

The Pearson type IV distribution centered around the projected range Rp

is given by [2.13]:

f(x)= K[b2(x-Rp) + b,(x-Rp) + b0] »

exp)-
/(

b,/b, + 2a 2b2(x-RD) + b,
— x arctan ( ' p -1 } (2.31)

where K is obtained from normalisation:

/ f(x) dx = 1 (2.32)
— 00

The four constants a, b 0 , bi and b2 are given by:

ARD y (S + 3) ARp
2(i)B - 3YS)

a - - — b, ; b0 * —
A A

(2.33)
- (26 - 3Y 2 - 6) 2

b , « i A - 1OB - 12Tf - 18
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The first moment p, is the average projected range:

u,= RD = 7 xf(x) dx (2.3*4 )

and the three higher moments are given by;

V ="/ (x-Rp)1 f(x) dx i = 2,3,^ (2.3*4 )

The standard deviation, skewness and kurtosis then follow from:

ARp = /u2, y = p3/(ARp)
3, B = y^/CARp)" (2.35)

The skewness y indicates the tilting of the profile and the kurtosis B

indicates the flatness of the top of the profile. In order to give a

Pearson type IV distribution the relation between the third and the fourth

moment has to be chosen to satisfy [2.13]:

, 7Y2 + (Y2 + >\)3/z- 8
6 < iFT^I

The maximum of a Pearson distribution occurs at x = Rp + a. For a

negative skewness the peak is deeper than Rp and the distribution falls

-of more rapidly for x £ a than for x i a . For a positive skewness the

opposite is true. This is illustrated in fig.2.H where two Pearson

distributions are compared using the same parameters except for the sign of

the skewness. When Y=0 a Gaussian profile results.

In chapter H experimental data are presented that have been fitted

with a Pearson IV distribution to obtain the parameters to describe the

impurity distributions by a Pearson IV function. This is particularly

interesting because these parameters can be incorporated in process

modelling programs like SUPREM [2.1, 2.14] to get a realistic description

of the implantation distribution.

In fig.2.5 the result of the different implantation models

incorporated in SUPREM III [2.1 HI is shown for an implantation of 1 MeV

boron with a dose of 10l5/cm2. Here a Gaussian and a Pearson IV
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distribution are shown, compared with a Boltzmann distribution. In the

SUPREM III version available at our institute the Pearson routine has been

modified in such a way, that by calculating the fourth moment eq.(2.36) is

taken into account, in order to avoid Pearson VI distributions.

The Boltzmann distribution is the result of Monte Carlo calculations

based on the Boltzmann transport equations. In this method the momentum

distribution of the implanted ion is determined at each depth in the

target. When any ion scatters to an energy less than approximately 5J of

the initial energy, or when an ion is scattered back towards the target

surface, that ion is considered to have .•stopped at that depth and becomes

part of the range distribution [2.It].
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3 PROFILING METHODS

3.1 Introduction

In this chapter some of the methods to determine the depth-dependent

concentration of dopants in silicon will be discussed. It is not the

intention of this chapter to extensively treat all profiling methods, but

it has been tried to give an overview of the methods most commonly used

together with their ranges and restrictions. Many different profiling

methods are available of which only a few are suited for the application

used here: The determination of the dopant distribution in silicon over

several decades.

Usually the profiling methods are split up into two categories,

although there is no unambiguous subdivision. Chemical/physical,

electrical/non-eleetrical or destructive/non-destructive are the

subdivisions made. In this chapter the subdivision in electrical/non-

electrical techniques is made. First some electrical and non-electrical

profiling methods will be treated, followed by a more extensive treatment

of the three profiling methods chosen (CV, SIMS, NRA) to determine

implanted profiles.

3.2 Electrical methods

Methods to determine the doping profile electrically can be

subdivided into resistance measurements and capacitance voltage

measurements, while also junction depth measurements may be placed in this

category. The basic assumption made with the use of electrical methods is

that all implanted impurities are electrically active, or in other words:

the number of majority carriers equals the number of impurities. This will

cause errors in the case of high dose implantations and in the case of

insufficiently annealed samples.
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3.?.' Junction depth measurements

The p-n junction location technique is based on the measurement of

the junction depth by angle lapping (e.g. ball-grooving) and staining. In

this technique impurities of one conductivity type are implanted into

targets with the opposite conductivity type. By using several targets with

different (well-known) background concentrations every sample gives one (or

in the case of a buried layer: two) concentration/depth combination(s)

after lapping and staining of the sample, that can be used for the

construction of the impurity distribution. This is illustrated in fig.3.1

where five samples with different background concentration are used to

construct the implanted impurity profile.

ION-IMPLANTED IMPURITY DENSITY

BACKGROUND DENSITY

SAMPLE 2

.1 .2 .3 H .5
DEPTH Imicrool)

fig.3.1 P-n junction location technique.

This method has been used by Kleinfelder et al.[3.1] who determined

the impurity profiles of 10-70 keV, boron, phosphorus, arsenic and nitrogen

implantations and by Davies [3.2] who determined the impurity distributions

of 10ls/cm2 implantations of boron, phosphorus and arsenic with energies in

the range from 0.1 tot 2 MeV. Significant errors can arise at points in the

profile where the concentration of implanted ions exceeds 2 x 10"/cm3, due

to both inaccuracies in the exact location of the junction (for high

concentrations both p- and n-type silicon stains) and the possibility of

redistribution of the background concentration via vacancies created by the

bombardment. Errors may also arise in the determination of the junction

32



depth due to depletion layers, so that staining does not start at the exact

location of the junction, or due to iiiaccuracies in the determination of

the thickness of the lapped layer. An advantage of this method is that the

profile can be determined over a large number of decades in concentration

(six or more).

We have also used this method in a slightly modified way [3.3]. Since

no wafers with different background concentrations were available, 1 MeV

boron with a dose of 10I3/cmz has been implanted into several n-type wafers

having the same bulk concentration (10'Vcm3). This implantation is

followed by a phosphorus implantation with different dose and energy for

every wafer. The parameters were chosen in such a way that the peak

concentration of the phosphorus distribution just compensated the boron

concentration at the predicted depth. Lapping and staining following the

activation of the implanted impurities yielded the position of the junction

and from that one point of the boron distribution. In the calculations, a

Gaussian shape is assumed for the top of the phosphorus distribution.

Inaccuracies in the junction depth determination are in the order of 0.1 pm

These are caused by staining of the depletion layer, errors in the depth

measurement and assumptions on the shape of the phosphorus profile. The

resulting 1 MeV profile is shown in fig.3.2.

"E

0.2 0.4 0.6 i.6 X — '""I

fig.3.2 1000 keV boron profile determined by means of

oompeneating phosphorite implantatione [3.2].
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It is clear from this figure that no data from the deep side of the

boron distribution are obtained, in contrast with the method previously

described, since not enough energy is available to reach the backside of

the boron implantation with phosphorus ions.

3.2.2 Resistance measurements

The resistance of an implanted layer gives information about the

electrically active part of the implanted dose, because the sheet

resistance of the layer is inversely proportional to the total number of

carriers (see chapter 5). Therefore by repeatedly measuring the resistance

of an implanted layer after removal of a part of that layer, the

differential resistance (or conductance) can be used to calculate the

carrier concentration. These measurements are often combined with Hall

measurements to determine the number of carriers and the mobility in the

remaining part of the implanted layer. The theory and technique of the Hall

measurement are described in chapter 5.

Anodic oxidation is frequently used to remove thin layers in a

reproducible way. This method comprises the oxidation of the surface layer

in an electrolytic solution to a certain depth. Thereafter the oxide layer

is removed. Several compositions of electrolytes have been used to form

oxide layers with thicknesses of about 30 nm per stripping cycle [3.1*, 3-5]

One source of error in this method is the determination of the oxide

layer thickness because this causes errors in the depth scale of the

distribution. Also the thickness of the oxide layers should not be too

small in order to assure sufficiently different values in subsequent

resistance measurements.

Another way of profiling that uses resistance measurements is the

spreading resistance method. In this method an implanted sample is lapped

in such a way that a bevel with a well defined angle is made. This is

illustrated in fig.3.3 where the spreading resistance method is shown

schematically.
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fig.Z.S Illustration of the spreading resistance measurement.

The value of the angle must be accurately known to obtain the proper depth

scale and must be small (typically 1 to 2 deg.) to obtain a good depth

resolution. The bevel angle must be carefully determined. Mostly an

interference microscope is used to determine the bevel angle. In this

method the beveled sample is compared with a perfectly flat mirror. By

direct interpretation from the fringes as observed in the microscope, the

bevel angle can be calculated with an accuracy of 5 to 101. This method is

mainly used for local angle determination. The global bevel angle can be

determined with a reflection method [3.6]. Here light is reflected from the

non-beveled and the beveled part of the sample and projected on a screen,

where the distance between the reflected beams is a measure of the bevel

angle.

The sheet resistance is measured with two probes at various positions

along the bevel. From these measurements the doping concentration profile

can be calculated. Yen and Khokhani [3.7] have described corrections that

should be applied for a multilayer system (up to 17 layers) which gives a

good approximation for an implanted profile. The measurement conditions are

great influence on the results. Both probes should be on the same

concentration part of the sample i.e. the imaginary line through the probes

should be perpendicular to the bevel direction. Furthermore the

reproducibility of the forces on the probes should be high to assure a

reproducible contact area. This area determines the accuracy in the depth

and the concentration because the larger the tip radius the thicker the

layer considered. However contacting can cause mechanical damage to the

sample.
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Gupta and Chan [3.8] and Severin [3.9] have described some of the

features of the probes, while Van Linschoten [3.6] described the influence

of the force on the probe on the resulting sheet resistance values. The

resolution in the depth determination is about .05 pm using a 1 : 800 bevel

with a contact radius in the order of 25 yra [3.9].

3.2.3 Capacitance measurements

A third method to determine the impurity profile electrically uses

Capacitance-Voltage (CV) measurements. The CV doping profile calculation is

based on the measurement of the capacitance of a reverse biased p-n

junction or Schottky barrier diode. It is also possible to evaluate

impurity profiles in MOS-struetures in this way. Pulsed CV measurements

have been used [3.10, 3.11] to drive the MOS-structure in deep depletion

before the inversion layer is built up. This has the advantage that the

increase of the depletion layer is not limited by the formation of a

surface inversion layer as would be the case with a DC voltage bias. Now

the depth of profiling is limited by the onset of avalanche breakdown.

Therefore the method is only applicable for profiling of low dose

implantations (£ 2 :• 1012/cm2). The advantage of the use of CV measurements

is that the method is nondestructive, easy to perform and makes eventual

further processing possible. In section 3.1* the differential capacitance

method as applied to a Schottky barrier diode will be discussed.

3.3 Non-electrical methods

The number of non-electrical profiling methods is by far larger than

the number of electrical methods. Every element or combination of elements

has its own characteristics and almost any of these characteristics can be

used to detect the specific element.

The most remarkable thing of these detection methods is that,

although they vary in many ways, they are characterized by three or four
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capitals. And if one is not familiar with the abbreviations it is easy to

make mistakes. For instance "S" usually stands for "spectroscopy'1 (xpS) but

can stand for "sputtering" (Snms), "scanning" (Sem), "secondary" (Sims) or

"scattering" (rbS) as well, and what about SSmS?

It is not the intention to list all abbreviations used. Only some of

them will be treated. A subdivision will be made here in optical, mass-

analysis, nuclear and scattering methods, although for some methods it is

not quite clear in which category they belong.

3.3.1 Optical methods

In the GDOS (Glow Discharge Optical Spectroscopy) method [3.12, 3.13]

an implanted sample is placed upon a cathode in a low-pressure glow

discharge. The sample is eroded by sputtering of Ar, that is present in the

glow discharge. The particles sputtered from the target (mainly neutrals)

are excited by collisions in the cathode glow region of the discharge and

emit light with wavelengths characteristic for the atom. The impurity

profile is obtained by monitoring the intensity of a single emission line

as a function of time. In order to obtain concentration values, the

intensity has to be calibrated. A schematic diagram of the GDQS-system, as

has been used by Marcyk and Streetman [3.13], is shown in fig.3.1.
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fig.3.4 SehemaHii diagram of the GDOS-eyetem [3.23],
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When a voltage of 3 kV between anode and cathode Is applied, a

sputtering rate of 50 nm/min is obtained for semiconductor targets at an Ar

pressure of 10-25 v. An advantage of this method is that the equipment to

be used is fairly simple, accurate and versatile. The detection limit for

boron is about 5 * 10l6/cm3 with a 80 nm depth resolution [3.12].

Problems arise at the onset of the sputtering prccess. The initiation

of the discharge results in uncalibrated sputtering until a steady state is

reached. Therefore the exact thickness of the sputtered layer is not known.

To overcome this problem it is suggested to deposit a metal film of known

thickness on the surface. The sputterring rate can be monitored from

emission from Si atoms and can be kept constant to within 5%. Problems may

arise when non-annealed samples are used, because in that case larger

variations in sputtering rate can appear. According to Greene et al.rJ.12]

also the background intensity is important because it can distort the

measurements.

Another optical technique, called SIPS (Sputter Induced Photon

Spectroscopy), measures the photons induced by sputtering the sample. Here

the spectral optical emission of the particles is evaluated. The depth

profiling capabilities, especially in the context of ion implantation, have

not been evaluated yet [3.11].

3.3.2 Mass-analysis methods

A set of methods makes use of sputtering the sample to be

investigated and analyses the sputtered fragments on mass. The method most

frequently used in this category is SIMS (Secondary Ion Mass Spectrometry).

In fig.3.5 the principle of this method is shown. A primary beam of

typically 5-15 keV ions (Ar, 0, Cs) is scanned over a small area and

sputters away the surface. The sputtered (charged) particles are

accelerated into a mass-analyzer and counted as a function of sputter time.

After the process has finished the crater depth is measured to obtain the

depth calibration. This method will be more extensively treated in section

3.5.
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fig.3.5 Principle of SIMS.

A method directly related to SIMS is SNMS (Sputtered Neutral Mass

Speotrometry). It is known that the number of neutrals emitted from the

surface by sputtering is larger than the number of ionized particles. At

the same time neutral particles do not exhibit matrix effects (i.e. the

detection sensitivity for a specific element is independent of the

concentration and the chemical environment of the element) in contrast with

the ionized species. Therefore a technique has been developed which

collects the neutrals and uses post ionization by the electron component of

a special low-pressure Ar plasma [3.15]. Next the ions are mass-analyzed.

The principles of this method are shown in fig.3.6.

SPECIMEN

QUADRUPOLE
MASS 5PECTR0METF.R

fig.3.6 Principle of SNMS.



The efficiency of the post-ionization process is low (about 1J) but is

balanced out by the large amount of ejected neutrals. The advantages of

this technique compared to SIMS are the reduced sensitivity for matrix

effects and the high depth resolution in quantitative depth profiling. The

latter results from the minimal atomic mixing due to the low sputtering

energies [3.16].

A method closely related to GDOS is GDMS (Glow Discharge Mass

Spectroscopy) where a DC discharge is used both to sputter-etch the sample

and to ionize a considerable part of the sputtered neutral particles. The

ionization is achieved by interactions with plasma-par tides and electrons,

before they are mass-analyzed. A minimum detectable trace concentration of

1 ppm is claimed at a sputter rate of 0.1 nm/sec, using large bulk samples

[3.17]. The depth resolution is in the order of 20$, dependent on Ar

pressure and rf power.

Some of the advantages claimed are:

- No matrix effects.

- All elements can be detected with approximately the same

sensitivity (except He and Ne).

- Any type of sample material can be used: conducting or insulating.

- Variable sputterrate (0.1 - 100 nm/min).

- No damage production from ion bombardment due to low energies.

- Trace level detection of 1 ppm.

Some disadvantages of the method are:

- Lack of spatial resolution.

- Large samples are required, that are consumed completely.

- Influence of sputter-etching of the sample holder that handicaps

the analysis.

Altogether it can be concluded that this method is not (yet) suited

for depth profiling of semiconductor samples.
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The mass-analysis technique to be discussed here last is SSMS (Spark

Source Mass Spectroscopy). In fig.3.7 the principle of this method is

shown.
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fig.3.7 Principle of SSMS.

Solid bars of the semiconductor under investigation are vaporized and

ionized in a spark ion source. The resulting ions are registered on a photo

sensitive plate after separation. A major drawback for profiling

semi conductors with this method is the poor lateral control, although the

sensitivity is in.the ppb range [3.11].

3.3.3 Nuclear methods

The principle of NRA (Nuclear Reaction Analysis) is shown in fig.3.8.

A particle x' enters a solid where it reacts with nucleus A. The reaction

products are a residual nucleus B and high energy Y-rays and/or particles

y. This reaction is notated as A(x,y)B.

The chance that a particular reaction takes place is expressed by a

parameter called the oross-section of the reaction denoted with o_. This

cross-section depends (a.o.) on the energy of the projectile.

We distinguish between reactions where the cross-section varies

smoothly with energy (homogeneous excitation) and reactions that show a

sharp maximum in the cross-section at an energy Er (resonant reactions).

In the first case the yield will depend essentially on the total dose of



fig.3.8 Principle of NRA.

nuclei A. Information on the depth distribution may be obtained from the

energy spectrum of particles y.

In the case of a resonant reaction the cruss-section will have a

sharp maximum at a certain depth, determined by '.he bombarding energy Eo

and the stopping in the target (assuring negligible straggling). The depth

distribution therefore can be determined from the measurement of the yield

as a function of the bombarding energy Eo. The depth scale is determined

here by the stopping power of particles x only. The depth resolution is

limited in this case by the energy straggling of particles x and the width

of the resonance, but n£t on the energy resolution of the particles y.

The depth resolution of the resonant reactions is usually much better

than that of the homogeneous excitation type, however the cross-section of

the latter is usually larger. The homogeneous excitation type of reaction

is often used in combination with a successive removal of thin layers from

the target to improve the depth resolution.

A number of conditions has to be fulfilled in order to make a

reaction suitable for profiling:

- The cross-section of the reaction has to be high.

- There should be no overlap with other reactions from the same

element or from the bulk material or from possible contaminants.

- The emitted particles should have enough energy to travel several



urn In the solid without being deflected, and should loose a

sufficient amount of their energy on their way to the surface to

identify the reaction depth. (Usually protons and a-particles

satisfy this condition, unlike neutrons and gammas). Furthermore

the straggling should be small compared to the average energy

loss.

The condition last mentioned is only important for homogeneous reactions.

In table 3.' some of the reactions that can be used for profiling are

presented. These reactions all require energies below 2 MeV, so these can

be used with fairly simple accelerators. In this table, Q is the net energy

released in the reaction, E o is the energy of the incident particle, E, the

energy of the emitted particle and do/dfi the cross-section for particle

emission in a solid angle interval dfi.

NRA is restricted to light elements, because of the fact that higher

energies are necessary to penetrate nuclei with higher Z-values, also

increasing the chances of overlap between various reactions.

For boron profiling, the reaction 10B(n,a)7Li has been applied [3.18-

3.22]. In this reaction a high flux of thermal neutrons is required only

available from a nuclear reactor. The cross-section of the reaction is

very high, i.e. the probability for the reaction to occur is high, and

therefore it is a fairly easy way of profiling.

Nucleus

\
Ĥ
'He
b L )
' L i
'Be

" B

" C

1HN

" 0

1H0
" F
"Na
u p

Reaction

• •H(d,p) JH
^H( 3He,p}'*H
JHe(d,p)*He
bLi(d.o)"He
'Li(p,a)*He
'Befd.aJ'Li

"Be(p,a)8Be

"C(d,p)1JC
" C l d . p ) ' ^
luN(d,at)"C

l b o(d*p) l ' 0

1H0(p a)|l5N
"F(p[a)»*0
/JNa(p(a)^uNe
"P(p,n)2"Si

O(HeV) 1 E (HeV)
1 °

4.032 1.0
18.352 ; o . 7
13.352 I 0.45
22.374 0.7
17.347 1.5

7.153 | 0.6
8.686 1 0.65
5.65 0.65
2.722 i 1.20
5.951

13.574
0.64
1.5

9.146 | 1.2
4.964
1.917
1.05
3.980
(1.114
2.379
1.917

0.8
0.90
0.90
0.730
1.25
0.592
1.514

2.3
13.0
13.6
9.7
7.7
4.1
7.57jn )
3. 70l<x )
3.1 '
5.8
9.9(a )
6 . 7 (a j )

3.9 '
?.4(p )
1.6(p?)
3.4 '
6.9
2.238
2.734

do/dn(mb/sr)

5. ;
61
64
6
1.5

~* 1
0.12(n )

90(a) °
35 '
0.4
0 .6 (a )
1.3(a )

~ 15 !

0.74(p )
4.5(P.?

15 '
0.5
4
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Table S.I Ion-induced nuclear reactions (adapted from [3.14]).



Detection limits are claimed to be in the order of ppm (corresponding to

implantation doses of approximately 10'Vein2) with a depth resolution of 25

nm.

This specific reaction is only practical if a nuclear reactor is

available that produces thermal neutrons for experiments like these. Also

I0B is less abundant than "B and therefore it is impractical to use 10B.

On the other hand the difference in mass between both isotopes (10$) does

not affect the ranges measurably, as is concluded by Ryssel et al.[3.23].

The resonance reaction "B(p,a)'Be can also be used for profiling.

This resonance is very broad (270 keV) compared to the energy of the

resonance (670 keV) and its cross-section is also high. Therefore the

resonance can easily be used for homogeneous excitation experiments. In

these experiments thin layers are successively removed by anodic oxidation

and HF etching. In between etches the ot-particles from the remaining boron

atoms are measured. The boron distribution is determined by

differentiating the measured curve. This has been done by Akasaka et al.

[3.24, 3.25]. They claim a depth resolution of 50 nra according to the

resolution of the detector while oxide layer thicknesses are determined by

ellipsometry with 1% accuracy. No data concerning the detection limit for

the concentration are reported.

North and Gibson [3.26], Skakun et al. [3.27] and Vasil'ev et al.

[3.28] used the same reaction to determine the fraction substitutional

boron after annealing by means of channeling protons at 700 keV.

Another technique also uses neutron irradiation to induce

radioactivity. This technique is called NAA (Neutron Activation Analysis).

Crowder and Fairfield [3.29] implanted phosphorus, arsenic and antimony and

irradiated the samples with neutrons to form tho radioactive isotopes 32P,

**As and 12*Sn respectively. Next the samples were anodically oxidized and

the oxide layer was dissolved in diluted HF. Then the specific activity of

each removed section was measured. No data concerning depth resolution or

detection limit are presented, but at implantation doses of a few times

lO'Vcm2, the presented data do not fall below 10l7/cm3.

Kisielewicz [3.30] implanled radioactive phosphorus 32P together with



31P and measured the residual activity after anodic stripping. This type of

profiling is not applicable for boron, since no radioactive isotopes exist.

3.3.*) Scattering methods

A technique that is frequently used for the determination of impurity

distributions is RBS (Rutherford Back Scattering) [3.31]- The principle of

this method is shown in fig.3.9.

M2>M,

*»Z2>*»Z,

(m«M)

(Center

e/2 of Mass)

PARTIUE ENERGY SPECTROMETER
ISILICON SURFACE BARRIER)

fig.3.9 Principle of RBS.

A beam of light ions with mass m and atomic number z hits a surface with

energy Eo. The ions collide with both host and impurity atoms. When there

is a significant mass difference between the host and the impurity atom a

collision will result in a different energy of the reflected particle.

These reflected particles are collected in a particle-energy spectrometer

and yield the energy spectrum. This is illustrated in fig.3.9. An interface

layer contains a homogeneous concentration of impurity M2 with atomic

number Z2, while the bulk consists of atoms M, with atomic number Z,. When

M2 > M, the energy transfer in a collision from m with Mi, will be greater

than in a collision from m with Ma. Therefore particles colliding with both

types M, and M2 at the surface will have different energies kf̂ E,, and



Eo, where is the kinematic factor that depends on the masses of

the colliding particles and on the angle of observation 0. For 0=180° one

has:

kM = (M-m)
2/(M+m)2 = 1 - tm/M

When the projectile travels through the target material it will loose

energy due to electronic stopping. After a collision again it will loose

energy on its way out, as is illustrated in fig.3.10.

E K[«E E E enerqy

fig.S.10 Stopping power curve and energy path of

an arbitrary RBS projectile.

In this figure the two energy regions involved in the slowing down of

ingoing and outcoming particles respectively are schematic-ally indicated.

When the collision takes place the energy decreases to kE due to energy

transfer in the collision. On the way out the energy decreases to E, due to

electronic stopping. For near-surface profiling the variation of dE/dx with

energy in the incident or outgoing path can be neglected.

Since accurate stopping data are available [3.32] it is possible to

calculate the depth at which the collision took place from the energy of

the detected particle. In fig.3.9 the impurities are homogeneously

distributed resulting in a uniform distribution in the corresponding energy

interval.When the depth distribution of the impurities has a characteristic

profile, the energy distribution of the reflected particles will show the

same characteristic behaviour. However, this will hold only when the



impurities to be profiled are considerably heavier than the target atoms.

If this is not the case the spectra will overlap and it ij much more

difficult to obtain the depth profile.

Therefore RBS is not suited to obtain impurity profiles of boron and

phosphorus in silicon. The detection limit is dependent on the impurity and

is in the order of 10*8/-_ti3 for heavy atoms like As, Sb. The depth

resolution is determined by the energy resolution of the detector used

and by straggling of the projectiles. This energy resolution corresponds to

a depth resolution of 30 nm [3.33].

Another method makes use of even lighter projectiles: AES (Auger

Electron Spectroscopy) uses electron irradiation for the analysis. A

monochromatic electron beam with keV energy removes an inner shell electron

from a target atom. The vacancy will be filled up by an outer shell

electron. In this process energy is freed that is transferred as kinetic

energy to another electron from the outer shell in the so-called Auger

process which is dominant in the de-excitation of light elements. The

energy of the Auger electron is characteristic for each element. The

principle of this method is shown in fig.3.11f together with a related

technique: XPS CX-ray Photo-electron Spectroscopy).

ALJOER ELECTRON PHOTOELECIRON AUGER ELECTRON
VACUUM

AUGER ELECTRON
SPECTROSCOPY

X-RAY PHOTOELECTRON
5PgCTROSCOPY

T ^ > U ELECTR0N
X-RAY SOURCE SAMPLE 0 P T I C S

fig.3.11 Principle of AES and XPS.



In XPS (or ESCA: Electron Spectroscopy for Chemical Analysis) a

monochromatic X-ray beam is used to remove the inner shell electron. This

photo-electron has a kinetic energy equal to the difference between the

energy of the X-ray and its binding energy. The mean free path of these

electrons is very small (in the order of 1 nm [3.34]) restricting these

methods to a surface layer. For profiling a sputter ion gun can be

incorporated to create continuously new surfaces. These methods are

essentially for surface analysis in contrast with SIMS where the removed

fraction is analyzed. The depth resolution of these methods is determined

by the mean free path of the electrons. For profiling purposes the depth

resolution is in the order of 0.01 um, defined by the sputtering process.

The detection limit for XPS and AES is in the order of 10l8/cm3 [3.33],

while the sensitivity for SIMS is two orders of magnitude better (sect 3.7)

Instead of electron emission, energy release can also occur in the

form of X-rays. These X-rays are characteristic for the element and are

used in methods like XES (X-ray Emission Spectroscopy) and XRF (X-Ray

Fluorescence). In fig.3.12 the possible methods using electrons and/or X-

rays are shown schematically for singly ionized silicon.
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fig.3.18 Basia processes involving incident

electrons or X-vays on silicon.

In XES inner-shell electrons are removed by incident electrons, and

also the rest of the process is very much like AES, except for the fact

that the energy is released in the form of X-rays instead of electrons.
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This method is often used in combination with SEM (Secondary Electron

Microscopy) or TEM (Transmission Electron Microscopy) to analyse the

surface composition of a sample.

In the XRF method X-rays remove the innershell electron and X-rays

result in the same process as XES. However, there are three differences

between the two methods:

- For analysis of insulating samples XES may cause charge build up,

thus deteriorating the measurement.

- On the other hand XRF makes use of a beam with a large width, thus

having a poor lateral resolution.

- Finally the depth at which XES analyses is different from the depth

at which XRF analyses due to the greater attenuation of electrons.

No depth profiling with these methods has been reported.

3.4 THE DIFFERENTIAL CAPACITANCE METHOD

3.^.1 Introduction

The C-V profiling (or differential capacitance) technique is often

used to determine the impurity distribution in a semiconductor structure.

It uses a reverse-biased p-n junction or Schottky barrier. The differential

capacitance of the depletion layer is measured as a function of the bias

voltage. The correctness of the Shockley depletion layer theory [3.35] is

assumed here. Investigations performed by Kennedy et al. [3.36] proved that

these approximations are often allowed.

In the depletion approximation, it is assumed that:

1) The space charge region is completely depleted of mobile carriers.

2) The edge of the space charge region is abrupt (the so called:

Abrupt Space Charge Edge (ASCE) approximation [3.37]).



3) Outside the depletion layer there is charge neutrality in the

device.

These assumptions are illustrated in fig.3.13.

There are several reasons for the popularity of the differential

capacitance profiling method [3-38].

1) The electrically active impurity concentration is determined which

is an important quantity of devices.

2) The method is non-destructive.

3) The measurements are easy to perform and can easily be automated.

fig.S.13 Illustration of the ASCE approximation.

A serious disadvantage is that only the majority carrier

concentration is determined. Calculation of the impurity concentration from

the majority carrier concentration can give erroneous results [3.39].

Another drawback is that the depth to be investigated is limited by

avalanche or Zener breakdown, thus limiting the application of this
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technique to relative low impurity concentrations ( < 10"/cm3). For ion

implantation this means that the dose is limited to approximately

2 x 10'2/cm2. Due to this low dose it is difficult to verify the results

with other techniques.

3.1.2 Theory

The capacitance of the depleted region is given in analogy to the

parallel-plate capacitor according to the depletion approximation [3.10]:

KT£0A

-i- (3-D

Here tc is the dielectric constant of the semiconductor (11.9 for Si), E 0

the permittivity of free space, A the area of the diode under test and w

the thickness of the space charge layer. The majority carrier density at

the edge of the spac» charge region is given by [3.36, 3.10]:

n(x) = - ^ l _ ( ^ r 1 (3.2)
q<e:0A

2 dV

In the case of charge neutrality the majority carrier concentration

n(x) equals the impurity concentration N(x); thus N(x) can be determined

directly from eq.(3.2). For steep dopant distributions the ASCE

approximation is no longer valid and N(x) will no longer equal n(x).

Kennedy and O'Brien [3.11] rigorously related the desired impurity

concentration N(x) to the measured majority carrier distribution n(x). They

used Poisson's equation:

— - -2- [N(x) - n(x)] (3.3)
dx KE 0

under low level injection conditions (p<<n), where the electric field in

the quasi-neutral regions is determined by the condition that the majority

carrier density is practically zero.
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J - qDn q ( ) ^ ( 3 )
n n dx n dx

In that case the diffusion and drift terms cancel and the electric field

can be determined:

E(x) - - 2_t - UI-L Ln(x) (3.5)
dx q nCx) dx

Differentiating eq.(3.5) and substitution of the result in eq.(3.3) gives

after some rearrangements:

l
q q dx n(x) dx

(3.6)

The second term on the right hand of eq.(3.6) is only relevant for steep

profiles at the edge of the depletion layer. This is shown by Kennedy and

O'Brien who demonstrated the usefulness of this equation in the case of an

abrupt high-low junction.

The depth resolution of this method is determined by the Debye length

[3.38]. This parameter is a measure of the extent of the transition region

from the space charge region. The Debye length Lp is given by:

where N is the impurity concentration.

In the depletion approximation Lj) is assumed to be zero in the

vicinity of the space charge edge. In reality, however, this is not the

case and a transition region is present between the region of almost

complete depletion and the region of almost complete neutrality. Thus an

increment dQ in the space charge region is not localized, but distributed

over several Debye lengths. This means for impurity distributions that vary

strongly with depth the concentration profile cannot be determined better

than within a few tiroes L[> with the differential capacitance technique.

This inaccuracy decreases with decreasing Lp, thus with increasing the

impurity concentration N. At higher impurity concentrations avalanche or
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Zener breakdown can easily occur, thus limiting the differential

capacitance technique in practice to implantation doses of 2 « 1012/cm2.

3.1.3 Depth profiling

Profiles are determined from 10'Vcm2 boron and phosphorus ions

implanted in 1-8 ficm p-type and 12-17 ftcm n-type silicon respectively.

Energies range from 100 to 1000 keV for boron and from 100 to 1500 keV for

phosphorus. Wafers are cut into four parts prior to implantation.

During implantation, the samples are tilted 7° and rotated

approximately 27° in order to avoid channeling. This is close to the 7°

tilt and 30° twist that is recommended by Turner [3.12]. Every sample is

implanted with the appropriate dopant to a dose of 5 * lO'Vcm2 at 20 keV,

in order to decrease the depletion depth at zero bias and therefore

extending the measured depth range towards the surface [3.13]. Three

samples of every wafer are subsequently implanted with lO'Vcm2 at one of

the chosen energies. The remaining part of every wafer is used as a

OIE+1

DISTflNCE (urn)

fig.3.14 Illustration of the determination of the CV profile.

1: 20 keV implantation + background concentration,

2: 20 keV + 100 keV implantation with background

concentration, S: the resulting 100 keV doping profile.
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standard to obtain the implanted profile by subtracting the bulk doping*and

the 20 keV implantation from the measured profile. This is illustrated in

fig.3.it.

Energies from 100 to 500 keV are obtained using singly charged boron

and phosphorus ions, energies from 600 to 1000 keV are obtained selecting

doubly charged boron and phosphorus ions from the beam .and energies from

1100 to 1500 keV are obtained using triply charged phosphorus ions. After

the implantation, the samples are boiled in 65$ Nitric Acid for 10 minutes

and rinsed in de-ionized water for the same period. In order to activate

the implanted impurities, the samples have been annealed at 800°C in a dry

N2 ambient for 15 minutes. This suffices for complete activation as has

been shown before [3. It],

Capacitance-voltage data are determined using a test system in the

set up as shown in fig.3.15.
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fig.2.15 Schematic set up of the differential eapacitan.ee measurement.
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The system consists of an HP 4275A LCR meter, a 4083A switching controller

and a 16057A switching module, combined with an MSI Hg-2C-5 double column

mercury probe. The measured capacitances are averaged over 5 measurements

before concentration profiles are calculated in order to avoid statistical

fluctuations. These calculations are performed using both eq.(3.2) and

eq.(3.6). No significant differences have been observed between both

results. Using a mercury probe has the advantage that a Schottky barrier

can easily be established without damaging the surface [3.15] and allows

eventual further processing. Another advantage especially when using a

double column mercury probe is that both contacts are on the same side of

the wafer. This means that the wafer is upside down during the measurement,

so no influence of generation of carriers due to light can take place. A

drawing of the mercury probe is shown in fig.3-16.

fig.3.16 Sketch of the mevauvy probe.

A serious source of error in this type of measurement is the surface

area of the Schottky barrier, i.e. the area of the mercury drop. This area

can be determined with an accuracy of 2% in the capacitance [3.46] using an

MOS device with well-known oxide thickness. This 2% is well within the

accuracy of the CV method, which is quoted to be ± 10S in the resulting

impurity profile [3.38]. In our case the area was checked using data from a

calibrated 1 MeV SIMS measurement. The area thus determined is within 2% of
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the area specified by the manufacturer. The profiles that have been

determined with this technique will be presented and discussed in chapter 4,

3.5 SECONDARY ION MASS SPECTROMETRY

3.5.1 Introduction

SIMS (Secondary Ion Mass Spectrometry) is one of the most versatile

and sensitive methods of material analysis and probably therefore one of

the most widely used methods. With SIMS it is possible to detect all

elements together with their isotopes. The method is rather straight-

forward as is illustrated in fig. 3.17.

sample
ItargeD

Is for mass M

-depth(z)

Compuler

fig.3.17 Principle of SIMS.

A primary beam consisting of inert-gas ions with energies in the range of 5

to 20 keV hits the surface of a target where enough momentum is transferred

to the target atoms to be released from the matrix. The sputtered fragments

consist of all possible combinations of target, impurity, residual gas, and

primary beam particles, either neutral or charged. In SIMS the charged

particles are extracted from the target region and are fed Into a mass-

analyzing system, where they are separated according to their mass-to-

charge ratio. Here the selected fraction is counted and the result is

stored as a function of sputter time.
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Two modes of SIMS are possible defined by the current density of the

primary beam. For depth profiling a high current density (several mA/cm2)

is used to obtain reasonable sputterrates tapproximately 1 ym/hr). This

method is called dynamic SIMS. On the other hand SIMS can also be applied

for surface analysis where low current densities (nA/cm2) are used. Werner

[3.17] has given an overview of several surface analysis methods compared

with static SIMS. In the next section dynamic SIMS will be treated more

extensively.

3.5.2 Dynamic SIMS

Dynamic SIMS uses high current densities to sputter-erode the target

in order to obtain depth profiles within a reasonable time. As has been

mentioned before, a beam of keV ions is used to sputter away the surface

layer. Usually inert-gas ions, mainly Ar+, are chosen because these give

a high sputtering yield and do not chemically react with the target

material. Ot'er important primary beam ions are 0 2
+ and Cs + because

these enhance the formation of secondary positive and negative ions.

Especially oxygen, either as a primary beam or as an ambient during argon

sputtering, enhances the secondary positive ion yield considerably due to

oxide formation.

It is well established that positive ion emission depends on the mean

ionization potential, while negative ion emission depends on the electron

affinity [3.48]. Although sputtering is necessary for removal of the

surface layer, several physical effects change the measured profile from

the actual composition distribution in the original target. In fig.3.18

some of these processes are shown schematically.

Apart from sputtering, implantation of the primary ions occurs which

may lead to collisions with the impurities, thus driving them further into

the target, which results in erroneous results of the concentration. This

process, called ion beam mixing, can reduce the expected depth resolution

to the range of the primary ions, which can be several tens of nanometers.

The result of this process is a deterioration of the concentration
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fig.S.I8 Basic processes induced by surface layer

bombardment with keV ions.

gradient, both to deeper and to shallower depths. Other deviations from the

original profile arise from the sputtering process due to inhomogeneities

in the primary beam-current which can result in inhomogeneous sputtering.

This problem can be dealt with by scanning the primary beam over larger

areas. However problems then arise at the rim of the sputtered crater.

These problems are solved by using an electronically gated area in the

middle of the sputtered crater. This is illustrated in fig.3.'9.

KM BEAM PATH

SPUTTERED CRATER

ELCCWOWCALLy
GATED AREA

fig.3.13 Illustration the analyzed area compared

to the eputtered crater.

In this case problems due to redepositlon of sputtered material, or memory

effect can be minimized. When the crater edge is within the probed area

also errors in the concentration profile arise due to differences in the

sampling depth at the tapered edge of the crater. The influences of these

58



JS£-«fj
t C»AIE« EDGE

^ KDCKSITION.

MASS IMTEtFEREMCe

effects on the Impurity profile are shown qualitatively in fig.3.20.
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fig.3.20 Influence of several effects on

the shape of an impurity profile•

Other sputtering effects include selective sputtering, where the

probability of escaping the matrix appears to be mass-dependent. This

causes broadening of the profile as well. Depth resolution can also be

affected by preferential sputtering, if one part of the target sputters

away more quickly than others (e.g. inclusions). It has been shown that the

use of oxygen as a primary beam minimizes these effects [3.19].

As a result of sputtering all combinations of primary, target,

impurity and residual gas particles may occur. When these charged fragments

or ions are analyzed it is difficult to discriminate between different

particles with the same mass-to-charge ratio. In the case of arsenic in

silicon, the 75As signal and the signal from the complex 30SiS9Si160

overlap. For profiling phosphorus in silicon the 31P signal may contain an

amount of 30SiH. In order to solve this problem high mass resolution

spectrometers must be used. Magnetic sector type mass-spectrometers can

have mass resolutions (M/AM) as high as 10.000 [3.17]. In fig.3.21 a high

resolution mass spectrum of phosphorus in amorphous silicon is shown.

For SIMS applications two types of machines are available: Ion

microprobes and Ion microscopes. In the Ion tnicroprobe a primary beam a few

micrometer in diameter irradiates the specimen. The secondary ions released

are extracted into a mass-spectrometer.

In the Ion microscope a focussed primary ion beam strikes the surface

59



29 30

MASS(AMU)

fig.3.21 High mxse-resolution spectrum of eiliaon and

phosphorus as measured by SIMS [3.B0J.

of the specimen and the secondary ions are extracted with an extraction

lens, then through transfer optics, which permits the choice of an

acceptance angle, to the mass-analyzer. Ions maintain their spatial

resolution in passing through the entire instrument. Therefore an image can

be made visible on a fluorescent screen where dark and light areas

represent several grades of ion emission. Instead of making an image the

secondary ions can be fed into the mass-analyzer.

Both types are suited and used for depth profiling, however the

CAMECA Ion microscope IMS 3f is claimed to be the most sensitive instrument

at the moment [3.51]. The depth resolution of this instrument is in the

order of 10 nm (limited by the penetration depth of the primary ions) with

sensitivities down to 10" atoms/cm3 for the important dopant elements.

3.5.3 Depth profiling

The SIMS-experiments have been performed for us at the Surface

Science Laboratory of the University of Western Ontario Canada using a

CAMECA IMS-3f. A schematic drawing of this machine is shown in fig.3.22.

The essential parts of the ion microscope are indicated in the figure.

The primary beam is swept over a 250 x 250 pmJ area, while a 60 « 60

Mm2 in the centre of this area is analyzed. For boron profiling a primary
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fig.3.82 Schematic diagram of the CAMECA Ion Microscope IMS Sf.

beam of positive oxygen molecules (02
+) is used varying from 2.8 pA for

the low energy implantations to 3.7 pA beam-current for the high energy

implantations. Positive secondary ions are detected with mass number 11 for

boron and 30 for the silicon isotope 30Si. Silicon is detected alternately

with boron in order to monitor the sputter rate. Since 30Si has a natural

abundance of 3.O9J [3.52] and is uniformly distributed in the sample, the

30Si signal is a measure of the sputter rate. 30Si is measured for 1 sec.

interchanged by 5 sec. of boron detection.

B:9OO keV TO /cm
3D

fig.S.23 900 keV boron count spectrum.
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A typical result for boron is shown in fig.3.23 where the spectrum of

a 900 keV 10'Vein2 boron implantation is shown. In this figure the number

of counts is plotted as a function of sputtertime.

Phosphorus profiling is done using a primary beam of 10.3 keV Cs*

ions varying from 360 to 500 nA for the 100-500 keV implants to 1 uA for

the 600 to 1000 keV phosphorus implants. High mass-resolution (M/AM of

approximately 3900) has been used. In the low current case, 3lP" and

3°Si" have been measured alternately but here instabilities in the

magnetic field occur at mass 30 due to the short sampling time and

therefore in the high current case only mass 31 is monitored. This is

illustrated in fig.3.21) where the result of a tOO keV 1016/cmJ phosphorus

implantation is shown, with a well defined phosphorus distribution.

P:4OO k«V 1O /cm

3O

fig.3.24 400 keV phosphorus count speatvum.

The concentration depth profiles are calculated from similar data as

presented above. For boron the silicon signal is used for the correction of

small variations in the sputter rate. It is assumed that this signal is

constant and that deviations from this signal are caused by variations in

the sputter rate. For phosphorus this is not possible because of the

unreliable silicon signal, so the concentration depth profiles for

phosphorus are calculated assuming a constant sputter rate. This does not

lead to serious errors because only small variations in sputter rate (less

than 2%) appear from the boron data.

62



The measured SIMS profiles will be presented and discussed in

chapter H.

3.6. NRA PROFILING

3.6.1 Introduction

Because errors may arise in the depth determination, both in CV and

SIMS profiling, a third method is used, completely independent of the

former two methods.

The method is called NRA: Nuclear Reaction Analysis. With this

technique two reaction types are possible: homogeneous excitation and

resonance measurements (see section 3-3.3). The latter is chosen here

because it is easy to use and generally has a better depth resolution than

the former. The depth resolution is dependent on the width of the resonance

and/or the straggling of the incoming particle.

3.6.2 Description of the NRA technique

The nuclear resonance technique makes use of a nuclear reaction that

requires a specific projectile energy. At this energy a nucleus is formed

in an excited state of a well-determined energy and a certain mean life.

This nucleus decays either to its ground state by emission of gamma-rays or

to a new nucleus by the emission of a particle.

The energy of the emitted particle is only used to identify the

particular reaction. The depth where the reaction takes place can be varied

by varying the beam energy. The average depth x follows from

Er - Eb - (dE/dx)x

where E() is the bombarding energy, Er the resonance energy and dE/dx
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the average energy loss per unit length.

The ••eaotions that will be used here for profiling are 31P(a,p)31'S

for phosphorus with E a = 3047 keV and l'B(a,n)'"N with E a = 2060 keV

for boron. Ir. the following phosphorus is used as an example, but the same

will hold for boron {mutatis mutandis). The depth resolution for the

3>P(a,p)3"S depends on the straggling of the a-particles and varies from

approximately 5 nm at the surface to 50 nm at a depth of 1 ym. The depth

resolution for the llB(a,n)'*N reaction depends on the width of the

resonance and is in the order of 150 nm.

The NRA-profiling experiments are performed with the 6 MeV Van der

Graaff accelerator at the Physics Department of the State University of

Groningen. The energy resolution of this machine is approximately 0.1 keV.

For the 3lP(a,p)3"S reaction, silicon surface barrier detectors are used to

determine protons. For boron, using the ''B(a,n)'"N reaction, an organic

scintillation counter is used, with pulse shape discrimination to

differentiate between gamma's and neutrons.

In order to determine a suitable resonance energy, a spectrum is

recorded from a sample with a thin toplayer containing a considerable

amount of phosphorus. A silicon sample is used with a deposited toplayer of

3.10 3.1S
E,f CM-Vl •

fig.3.26 Yield euwe of phosphorus for a-enevgies of 2990 - 3200 keV



4 pg GaP/cm2. The proton yield curve from an a-particle bombardment with

energies in the range from 2990 to 3200 keV is shown in fig.3.25.

The horizontal axis represents the energy of the a-particles. The

vertical axis represents the number of counts (protons) as a function of

the a-partiole energy. In this yield curve clearly three sharp resonances

can be seen. The fact that these resonances are narrow is favourable for

the profiling experiments, since the reaction will only take place in a

narrow energy interval clearly defining the depth at which the reaction

takes place. This resonance yield curve is important in order to unfold the

depth profile from the measured yield curve, since the influence from other

resonances distorts the measurements. For instance when we use the first

resonance of this spectrum for profiling, which requires an a-energy of

30^7 keV, protons resulting from the resonance with an a-energy of 3093 keV

will distort the results for deeper profiles. For deeper phosphorus atoms,

Z BO
3
0
a

s

BOO

CHANNEL NUMBER •

fig.3.26 Yield euvve of protons with energies in the range

from 2 to 4 Me V, resulting from bombardment of a
7 £, 9

ZOO keV 10 /em phosphorus implanted sample with

a -particles in the range from 3044 to 3276 keV
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high-energy a's are required, so that these a-particles will have slowed

down to the resonance energy at the desired depth. On the other hand, with

the high energy they can also react at a smaller depth according to a

higher resonance energy. The resulting proton flux therefore will consist

of two or more contributions from different depths in the silicon.

Apart from influences from other resonances of the same element, also

influences from resonances of other elements can be expected. This is

illustrated in fig.3.26 where the proton-energy spectrum is shown that

results from bombarding a 300 kV P implanted sample with a-particles in the

energy-range from 30tf to 3276 keV. The horizontal scale represents the

proton energy in the range from 2 to 1 MeV. The other peaks in this figure

can be attributed to resonances from the omnipresent 25Na and l9F. The

cross-section for (a,p) reactions of these elements have completely

different yield curves as a function of bombarding energy, so a comparison

of the peak contents does not give a relation between the relative

abundances of the elements in the target. The fact that two peaks appear

for both elements can be explained by the fact that both for 23Na and for

19F the ground state as well as the first excited state of the final

nucleus are populated by the (a,p) reaction. By only counting protons in a

narrow energy interval around the peak due to "P the contributions from

competing reactions can be eliminated. Such a discrimination was not

fig.3,27 Proton yield curve resulting from ̂ .-bombardment of a

300 keV 10 /am phosphorus implanted eiliaon target
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possible in the 11B(a,n)ll|N case where the energy resolution of the neutron

spectrum is much worse, and we had to rely on the contributions of

competing reactions being negligible.

In the following the determination of a profile with this method will

be discussed making use of the example of a sample implanted with 10'6 P

ions/cm* with an energy of 300 keV.

In fig.3.27 the yield of the 31P(a,p)3*S reaction as a function of

bombarding energy is shown for the region Ea = 30UU to 3232 keV. The

number of counts resulting from a fixed dose of a-particles at a certain

energy is found by adding the number of counts in channels 320 to <4O5 from

fig.3.26 for each a-energy. The phospnorus profile is extracted from the

yield curve by using the computer program DECON [3.53] available at the

Physics Laboratory of the State University of Groningen. The statistical

fluctuations that appear in the deconvolution can be smoothed using a

damping factor. This damping suppresses the high-frequency components but

does not affect the slow variations [3.53J.

In fig.3.28 the result of a small damping factor is presented. This

results in an unrealistic impurity distribution.

When the damping factor is increased the resulting deconvolution

gives a more realistic impurity profile shape. This can be seen in fig.3.29

I n

fig.3.28 300 keV P profile resulting fvom deconvolution of

fig.3.27 with fig.3.25 using a email damping factor
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In order- to check the result thus obtained on its validity a

convolution of the curve of fig.3.29, with the proton yield curve as shown

in fig.3.25 is done. The result of this (re)convolution is shown in

fig.3.30. In this figure the (re)convolution Y(p) (solid line) is compared

fig.3.29 300 keV P profile using a smoothed deconvolution

fig.3.30 Comparison of the measured yield curve with the

(re)convolution of fig.3.29 with the resonance

yield curve (fig.3.25).
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with the originally measured yield curve (dots with errorbar).

Due to the relatively large inaccuracies it is difficult to use the

obtained profile for an unambiguous determination of the moments. The

method however, is well suited for the determination of the depth of the

maximum concentration. In chapter t the results obtained with this

technique will be discussed.

3.7 Comparison of the profiling methods used

In table 3.2 the detection limit, the depth resolution and the depth

range of the profiling methods used are compared.

From this table it can be concluded that SIMS has the largest dynamic

range and seems to be the best profiling method. The CV method is limited

by the avalanche breakdown, but this method gives its results almost

immediately. In this way checks can be made by scaling the doses. The NRA

method suffers from its detection limit. The method is well suited for the

determination of the mean range.

I CV I SIMS I NRA I

detection | 10"Vcm3 t | lO'Vem3 | 10'Vcm3 |

l imit | 10"/cm3 | | |

depth | 5 - 20 nm [ 10-20 nm | 140 nm (B)|i

resolution! © | | 5 — 5 0 nm ( P ) \

d e p t h | = 5 urn | * | 1 - 2 ym @|

r a n g e I I I I

table 3.2 Comparison of detection limit, depth
resolution and depth range of the
profiling methods.
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t The maximum concentration that can be measured with CV is

limited by avalanche or Zener breakdown. The minimum

concentration depends on the minimum capacitance that

can be measured.

0 The depth resolution of CV depends on the Debye length

and thus on the impurity concentration.

t The detection limit of the llB(a,n)'*N reaction is determined

by the width of the reaction (33 keV). The detection limit

of the 3IP(a,p)3*S reaction is determined by straggling. This

means that the depth resolution varies from approximately 5 nm

at the surface to 50 nm at a depth of 1 ym.

§ The depth range of the NRA method is limited by the position

of other resonances, but can be enlarged by performing

measurements after successive layer removal e.g. by sputtering

or anodic oxidation.

* In principal there is no depth limit for SIMS.

From this table it can be concluded that SIMS has the largest dynamic

range and seems to be the method most suited for profiling semiconductors.

The CV method is limited in concentration by avalanche breakdown, but this

method is non-destructive and provides the electrically active impurity

concentrations almost immediately. In this way checks can be made by

scaling the doses. The NRA method suffers from its detection limit. The

method is well suited for the determination of the mean range of an

implantation with a dose of 1O'Vcma or higher.
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4. ION DISTRIBUTIONS, RESULTS AND DISCUSSION

1.1. Introduction

The interest in the application of ion implantation in semiconductor

technology is increasing due to the precise doping control. This technique

also offers the possibility to decrease the device dimensions. Smaller

device dimensions mean that little outdiffusion of dopants is allowed and

hence low-temperature steps are required. Therefore it is advantageous to

perform all doping steps by ion implantation.

With increasing implantation energy the depth range of the implanted

ions is enlarged to several microns. One application for these high

energies is CMOS, where the latch-up susceptibility can be reduced because

retrograde wells can be made [t.i-U.IJ.

In order to use high energy ion implantation effectively accurate

data are required concerning the range distributions of these

implantations.

In this chapter depth profiles of 100 to 1000 keV boron and 100 to

1500 keV phosphorus implantations will be presented and discussed that

resulted from CV, SIMS and NRA measurements. These profiles have been

fitted to a Pearson IV distribution, because this type of distribution

allows a good fit to experimental profiles [U.5,i|.6]. With this fitting

procedure four parameters are extracted. These parameters are called the

moments of the distribution (sae chapter 2).

Once these moments have been obtained, it is easy to implement them

in process simulation programs like SUPREM [1.7] or ICECREM [1.8], to get

reliable simulations.

The results of the NRA measurements are not used in the fitting

procedure but only for comparison of the mean ranges, as has been explained

in section 3.6.
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fig.4.1 Impurity distribution of 1012/am2 100, 300, bOO, 700

and 900 keV boron implantations in monocrystalline

silicon as determined from CV measurements

fig.4.2 Impurity distributions of 10 /am 200, 400, 600, 800
and 1000 keV boron implantations in monoaryetalline
eilioon as determined from CV measurements.
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4.2. Boron Implantations.

In figs.4.1 up to 4.4 the experimentally obtained boron profiles are

presented. Fig.1*. 1 and fig. 4.2 show thp profiles obtained from CV

measurements and fig. 4.3 and fig.4.4 show the profiles as obtained by SIMS.

From these graphs it can be concluded that differences arise between

corresponding implantations. Apart from the difference in concentration

resulting from different doses used: 10l2/cm2 for the CV measurements and

2 * lO'Vcm2, 1015 cm2 and 10"Vem2 for the SIMS measurements, there are

other marked differences.

The CV profiles show penetrating tails, unlike the SIMS profiles.

Seidel [4.9] found similar tails in CV profiles and concluded that these

tails are actually present in the impurity distribution since they do not

change significantly when measured at low temperatures (90 K). However,

this conclusion is only valid if one assumes the absolute validity of the

depletion approximation. Wu et al.[4.io] state that in the case of

implanted profiles the Debye length should be taken into account and that

"at least a fraction of the tail observed by the CV technique is not due to

the actual presence of a tail in the distribution". Therefore part of the

tail is excluded from the fitting procedure just like data points that are

obviously due to channeling. With these restrictions the extracted

projected ranges and standard deviations agree well, as will be shown in

fig.it.5 and fig.4.6.

On the other hand the SIMS profiles show "humps". These humps have

also been observed by Hofker [1.5] in the tail of the distribution. He

concluded that these humps were caused by "preferential penetration of ions

which are scattered in the surface layer and are steered into channels in

low index directions". The humps observed here are also due to channeling

because the depth of the hump is roughly proportional to the square root of

the implantation energy. In the profiles presented in fig.4.3 and fig.4.4,

the size of the humps is not the same for every profile. This is probably

caused by the fact that the orientation of the wafers during implantation

was not the same, due to deviations in the surface orientation and the

twist angle. Hofker used samples that were carefully aligned in a dense
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fig.4.3 Impurity distributions of lO^/art 100, 200, 500, 700

and 900 keV boron implantations in monoaryetalline

as determined by SIMS.

• o.ao a.25 o. so 0.75 1.00 1.2S 1.50

DEPTH (UM)

fig.4.4 Impurity distributions of 1016/amZ 200, 400, 600, 800 and

1000 keV boron implantations in monooryetalline silicon

as determined by SIMS.
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crystallographie direction.

The humps are most pronounced in the 100 keV and 500 keV profiles. In

these profiles also humps are observed at the surface side of the

distribution. This might be explained by the fact that part of the

channeled boron ions is reflected and scattered back in channels as well.

The distance travelled by the backscattered boron and the channeled boron

is approximately the same, assuming backscattering from the vicinity of d e

peak of the damage distribution. This peak is located just before the peak

of the impurity distribution (see section 5.5).

Channeling also occurs when the orientation of the wafer is such that

the implantation direction is close to a low index direction. In that case

the impurities penetrate deeper into the crystal and give a broader

distribution. This is illustrated by the 200 keV SIMS profile in fig.i.i.

The fact that deviations arise is more clearly illustrated in fig.1.5 and

fig.1.6, where the 200 keV SIMS data clearly deviate from the expected

data.

In fig.1.5 and fig,4.6 the projected range and the projected range

standard deviation are plotted as a function of implantation energy. In

these figures the experimentally obtained data are compared with tabulated

data from Smith [1.10] and Gibbons et al.[1.11]. These tabulated data are

indicated with "S" and "0" respectively. The curve indicated with "D" is

the result of a fit with the computerprogram DIMUS [1.12] using an

electronic stopping of the form:

S = 1 .57 k, E0--9 (1.1 )
e u

where k^ is the Lindhard proportionality constant according to the LSS

theory [1.13J. and E the particle energy. The experimental values of the

projected range agree well with the tabulated data in this energy range.

This does not hold for the values of the standard deviation in fig.1.6. The

calculated data are too low compared with experimental results. Fitting

with DIMUS yields an energy dependence of the electronic stopping of the

power 0.165. The agreement of this fit, wnich is indicated in fig.1.6 with

"D*", to the experimental data is rather poor in the low-energy region.

The standard deviation data extracted from CV measurements are
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categorically larger than the SIMS data. This can be explained by the fact

that the SIMS profiles have been obtained on as-implanted samples, while

the samples for CV measurements had to be annealed in order to activate the

charge carriers. This annealing step causes an enhanced diffusion which

leads to a broadening of the profiles.

The data for the third moment, the skewness , have smaller values than

the tabulated data from Gibbons et al.[4.11], who give only a "third moment

estimate". However, the same tendency is observed. This can be concluded

from fig.U.7 where the skewness is plotted as a function of implantation

energy.

No data will be presented for the fourth moment, the kurtosis,

because these data show no energy dependence. Calculations show that their

influence on the fit is very small, as long as the value of the kurtosis B

has at least twice the value of Smin>
 t n e minimum value of the kurtosis

to get a Pearson type IV distribution. This parameter is defined [4.6] by:

, . - 3 , 6 { " ' » " ' » * ) > / ' - 8 ) (I..2,
m m 32 - 72

where y is the skewness.

In fig.1.8 the mean ranges obtained by the NRA method are compared

with the mean ranges deduced from SIMS and CV profiles. From this figure it

can be concluded that the data obtained by NRA agree well with the data

obtained by SIMS and CV. Also included .in this figure are the data from

Hofker [4.5] for boron implanted in monocrystalline silicon and data

recently published by Ingram et al.[4.14]. As can be seen from this figure

all data agree within experimental error although the data from Ingram are

slightly lower than the data presented here.
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'i. 3 Phosphorus implantations

In fig.4.9 up to fig.'*. 12 the profiles of phosphorus are presented as

obtained from CV measurements (fig.4.9 and fig.4.10) and SIMS measurements

(fig.iJ.11 and fig.'). 12). Since the ion source allows the formation of

P+++, the energy range is extended to 1500 keV. However, the available

current of p + + + is very low and therefore only one 1500 keV sample has

been produced for SIMS measurements. The low dose needed for CV

measurements did not cause problems for implantations up to 1500 keV. The

100 keV phosphorus CV profile could not be obtained since it is too close

to the surface to get a reliable result from the method as described in

section 3.1.3.

The tails in the phosphorus profiles are more pronounced than the

tails in the boron distributions shown in fig.4.1 and fig.4.2. This can be

attributed to channeling because also more pronounced tails can be observed

in the SIMS profiles in fig.4.11 and fig.4.12. It can be explained by the

fact that the critical angle for channeling for phosphorus is larger than

it is for boron [4.5]. Therefore boron has a smaller probability of being

steered in to channels than phosphorus. However, the humps observed in the

phosphorus SIMS profiles are less pronounced or even absent. This is

probably caused by the fact that phosphorus creates more damage than boron

and therefore the probability of scattering into low index crystal

directions at small depths is low.

In fig.4.13 the projected ranges obtained experimentally are compared

with tabulated data from Gibbons et al.[4.11] and Smith [4.10]. In the

energy range considered here, the data agree reasonably for energies up to

400 keV but deviations are visible for higher energies. The experimental

data can be fitted using an electronic stopping power model in DIMUS [4.12]

of the form:

SQ - 1.57 k. E
0-"*' (4.3)

e L»

In order to fit the projected range standard deviation data with an

electronic stopping model, the ratio k/k^ and the power of E had to be
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fig.4.11 Impurity profiles of 10 I5/cm2 100, 300, 500, 700, 900

and 1.3 * 10 14/om2 1500 keV phosphorus implanted in

monoarystalline silicon as determined by SIMS.

15 2
fig.4.12 Impurity profiles of 10 /am 200, 400, 600, 800 and

1000 keV phosphorus implanted in monoavystallinc silicon

as determined by SIMS.
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chosen 0.9 and 0.5 respectively. This fit is indicated in fig.4.14 by D*.

The data from Smith [4.10] agree reasonably well in this case, while the

data from Gibbons et al.C4.11] are obviously too low. This means that the

improvements in the calculation of the standard deviation as proposed by

Smith, seem to be appropriate in the case of phosphorus implantations in

silicon.

From this figure, again, it is clear that the CV data lead to larger

standard deviations than the SIMS data. The scatter in these data is larger

than in the corresponding boron data in fig.4.6.

The SIMS data of the standard deviation match closely with the DIMUS

data in the low energy range. This can be explained by the fact that the

phosphorus dose used is sufficient to cause an amorphous layer. This means

that the LSS theory [f.13] is valid and Gaussian distributions result. The

argument is strengthened by the data presented in fig.4.15 and fig.4.16

where the skewness and the kurtosis are plotted as a function of

implantation energy. In the lower energy region the skewness is close to

zero and the kurtosis close to 3. When these values for the third and

fourth moment are used in a Pearson IV distribution, a Gaussian

distribution results [4.6]. For higher energies deviations arise. This

might be explained by a relative Jeortase in the thickness of the amorphous

layer with increasing energy. This would mean that an increasing volume is

non-amorphous, leading to deviations from the Gaussian shape.

The data for the kurtosis obtained from CV measurements are not shown

here because they do not show any energy dependence.

Jn fig.4.17 the mean range as obtained from NRA measurements is

compared with CV and SIMS data. These data agree well. Recently published

data from Ingram et al.[4.i4J are included for comparison. These data are

lower than our data, which might be attributed to the profiling method.

Ingram used the spreading-resistance method with multi-layer correction

(see section 3.2.2). This will have introduced errors, however these are

not discussed in his text.
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4.4. Conclusions

Three different techniques have been used to determine the

implantation profiles of boron and phosphorus in silicon: SIMS, CV and NRA.

As can be concluded from mean range measurements the results from these

three techniques agree well within experimental error.

The profiles obtained from CV measurements show penetrating tails

that are (at least for a part) inherent to the used technique. This can be

concluded from comparison with corresponding SIMS profiles, where tails are

less pronounced or even absent.

The phosphorus profiles show more pronounced tails than the boron

distributions. This is caused by channeling resulting from scattering into

low index directions almost at the end of the trajectory.

The boron SIMS profiles show humps that are formed by channeled boron

ions that have been steered into low index directions close to the surface.
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This can be concluded from the fact that the depth of the humps is roughly

proportional to the square root of the implantation energy. Part of the

channeled boron is backscattered in the vicinity of the peak in the damage

distribution. This can be concluded from the location of a second hump on

t\\» surface side of the distribution.

These humps are less pronounced or even absent in the phosphorus

profiles obtained by SIMS. This is due to the fact that the phosphorus dose

caused enough damage to dechannel a large fraction of the channeled

phosphorus.

The implantation profiles in the energy range investigated, can be

described by four moments using a Pearson IV distribution, of which the

fourth moment is dependent on the value of the third moment.

For boron the projected ranges agree well with tabulated data, but

can be best described using an electronic stopping power proportional to

(energy)0"-9.

For phosphorus the tabulated data for the projected range are too

high for energies beyond 400 keV. The experimental data can be best

described using an electronic stopping power proportional to

(energy)0'"63.

The CV profiles are markedly oroader than the SIMS profiles as can be

concluded from the presented standard deviation data. This might be caused

by enhanced diffusion that occurs when the samples are annealed to activate

the charge carriers or by channeling.

Theoretical standard deviation data are too low for boron, but in the

case of phosphorus corrections made by Smith appear to lead to agreement

between tabulated and experimental data.

Tabulated data for the third moment ratio appear to show the same

trend as the experimental data but are small for phosphorus and large for

boron compared to these data

From the results presented it can be concluded that the SIMS

technique is most suited for profiling implanted distributions because of

its large dynamic range and depth resolution.

CV profiles suffer from some distortions due to calculations of the

second derivative of the carrier concentration as a function of depth.
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However the profile of the electrically active impurity concentration of a

low dose implantation can be determined relatively quick in a non-

destructive way.

The NRA method is not adequate in the dose range used here to

determine an implanted profile with sufficient accuracy for the extraction

of moments. This is due to the low detection limit. However this technique

is well suited for the determination of the position of the peak of the

impurity concentration with sufficient accuracy.
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5. ANNEAL BEHAVIOUR OF DEEP IMPLANTED LAYERS

5.1 Introduction

As has been mentioned before, the implantation of ions causes damage

to the lattice structure of the target. In order- to restore this lattice

damage and put the implanted dopants on substitutional sites an anneal step

has to be performed.

At this point the question arises whether high energy implantations

cause more damage than "standard" implantations (up to 200 keV) do and

whether this damage can be annealed. Therefore an extensive study on the

anneal behaviour of low dose high energy boron implantations is presented

in this chapter, in order to obtain a clear view of the best treatment to

remove the damage caused by these implantations.

The sheet resistance of the implanted layer is used as a parameter to

investigate the anneal behaviour.

Mobilities and numbers of carriers are derived from Hall measurements

to qualify the layers. Our results have been published recently [5.1].

Noise measurements and channeling measurements are also presented to

get additional information about the damage caused by implantation and the

residual damage after annealing.

5.2 Resistance measurements

5.2.1 Experiments

As a method to monitor the anneal behaviour of the implanted layer,

the measurement of the sheet resistance was ohoaen . This choice was made

because the method is fast, simple and gives directly usable information.

As a test vehicle a Van der Pauw [5.2] structure was made to determine the

sheetresistance of the implanted layer. This structure, as shown in fig.5.1
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fig.5.1 Van der Pauw test vehicle.

was made in the following process, which is schematically shown in fig.5.2.

Processing was started with thermally growing a 2 \im thick silicon

dioxide layer on a selected n-type wafer of 7 ficm (fig.5.2a). This oxide

thickness is required for masking because of the great penetration depth of

1 MeV boron ions in silicon dioxide. Next diffusion areas were etched and

heavily in situ boron doped polysilicon was deposited applying LPCVD at

quasi-high flow [5.3] (fig.5.2b).

Doped polysilicon was applied for two reasons. First to act as a

diffusion source to make contact with the deep implanted layer, and

secondly to supply contact pads. The indiffusion of boron to a depth of

2 pm to form the contacts took place during a temperature step of 105 min.

at 1150°C in a standard oxidation furnace. Polysilicon interconnections

were used because they can withstand anneal temperatures up to T)00°C in

contrast with aluminum interconnections.

Next the implantation area was etched to bare silicon and 1 MeV boron

ions were implanted with a total dose of 10l3/cm2. In order to avoid

channeling the wafers were tilted 7° during implantation (fig.5.2c).

Subsequent to implantation the interconnections are defined by etching the

polysilicon.

Processing was finished by depositing a 300 nm thick silicon dioxide

layer by means of CVD at 35O°C for 7 min. (fig.5.2d). Thus a first short



n-Si

p.poly Si

1ODO keV1lB

fig.5.2 Cross-section of the test vehiale at several

process-stages. Explanation in the text.

anneal of the implanted layer already took place during this step. In this

protective oxide layer, contact windows were etched.

The anneal experiments were carried out in a standard oxidation

furnace in an oxygen ambient. Each wafer was annealed at one temperature in

the range from HOOJC to 900°C. The time of each anneal step ranged from 5

min for the first few steps, to 30 min for the last step, to an accumulated

anneal time of 1 hours. Sheet resistances of 80 predetermined structures

per wafer were measured after every anneal step.
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5.2.2 Results and Discussion

By using the symmetrical Van der Pauw structure as shown in fig.5.1,

the sheet resistance is defined by [5.2].

II
ln2

(5.1)

Here Rs is the sheet resistance and V 1 2 is the voltage that is measured

between two adjacent contacts when a current I J U is passed through the

other two contacts.

The advantage of this structure is that influences of contact

resistances are eliminiated and the resulting resistance gives the sheet

re-iistance of the implanted layer.
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fig.5.2 Sheet aonduatanee of the implanted layer as a function

of anneal time for various anneal temperatures.

In fig.5.3 the result of the .-.heet resistance measurements is shown.

The reciprocal values, representing the sheet conductance, are presented as

a function of anneal time with the anneal temperature as a parameter. The
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sheet conductance is plotted because this quantity is directly proportional

to the number of carriers and to the mobility (see section 5.3). It is very

remarkable that at each temperature a saturation value of the conductance

is reached within a short time. It seems that at a certain temperature only

a limited fraction of the impurities can be activated. This fraction

increases with temperature in the range from too°C to 700°C. At

temperatures of 75O°C and above, complete activation is reached. The data

from the experiments performed at 75O°C, 800°C and 85O°C are not shown

here because these coincide with the 900°C data.

The resistances resulting after 1 hours anneal at different

temperatures agree well with the data found by Rosendal [5.4] for resistors

implanted at low energies (120 and 200 keV).

At temperatures above 700°C complete activation is reached within the

first anneal period (5 min). It is not possible to use shorter anneal times

because loading of the furnace combined with heating up and cooling down

times prevented reproducible anneal times shorter than five minutes.

From fig.5.3 it appears that the sheet conductance increases

gradually with temperature and as will be shown later, this is mainly

caused by a gradual increase with temperature of the number of carriers.

Several approaches have been tried to explain the experimental data,

but no model has been found that can explain these data unambiguously.

In order to compare the result of a multi-step anneal with the

results from fig.5.3, a separate wafer was annealed 30 minutes at

temperatures increasing from 45O°C to 1000°C subsequently. This experiment

was performed to test whether a multi-step anneal gives better results than

a single step at these low doses.

In fig.5.1 the sheet resistance after each temperature step is shown.

The data in this figure coincide with a cross-section of fig.5.3 at 30 min.

anneal. This leads to the conclusion that a multi-step anneal leads to the

same result as a single-step anneal at the highest temperature used.
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fig.5.4 Sheet resistance of the implanted layer as a function

of temperature for subsequent annealing for 30 min.

per temperature.

5.3 Hall experiments

5.3.' Introduction

The sheet resistance resulting from the measurements described above,

gives information about the product of both the sheet carrier concentration

and the average mobility- of those carriers. In order to separate these

contributions Hall measurements can be performed. In these measurements the

Hall effect is used. The basic setup to measure the effect is ahown in fig.

5.5.

When an electric field is applied along the x-axis and a magnetic

field is applied along the z-axls, the Lorentz force qvx x B Z is

directed downward for holes. The downward directed current results in a

piling up of holes on the bottom of the sample, which in turn gives rise

to an electric field Ey. In steady state there is no current along the y-

axis and the electric field along the y-axis (the Hall field) balances the

Lorentz force.
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fig.5.5 Basic set-up for the measurement of the Hall effect.

5.3.2 Theory

The Hall mobility and number of carriers can be calculated from the

Hall sheet coefficient RHS. This coefficient is defined by [5.5] :

UHS I13B
(5.2)

In practice AV21( is measured as a function of current Il3 with the magnetic

field as a parameter. RHS is derived from both dependencies. Here AV21, is

the difference in Hall voltages measured in the case a magnetic field B is

applied and in the case no magnetic field is applied in order to compensate

for remanent magnetism. The Hall voltage is measured between opposite

contacts when an electric current I,3 is passed through the other pair of

opposite contacts.

The Hall mobility p and the Hall number of carriers n,, can

be calculated from the Hall sheet coefficient RHS and the sheet

resistance Rg using:

»HS
(5.3)

(5.H)
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where q is the unity charge.

The conductivity mobility uc and the number of carriers nc are

calculated from eqns (5.3) and (5.4) using:

u = JL and n = r nu (5.5)
0 r c H

In these equations r is the Hall factor that gives the relation between

the Hall mobility and the conductivity mobility. The value of r is assumed

to be 0.8. This value is suggested for moderately doped p-type material by

the majority of experimental results [5.6] and by recent calculations [5.7,

5.8]. Also in the present investigations 0.8 will appear to be the

appropriate value.

5.3.3 Measurements

After finishing the anneal treatments as described in section 5.2.1,

the wafers were diced and three chips per wafer, comprising k Van der Pauw

structures each, were selected for Hall measurements. These chips were

mounted and bonded on thick film substrates. Dicing of the wafers was

necessary because it was impossible to perform the Hall measurements on the

wafer due to the limited area available in between the magnet poles. The

sample was mounted in between the magnet poles in such a way that the

direction of the magnetic field was parallel with the surface-normal.

Magnetic fields were applied in the range from 0 to 0.45 Tesla, while at

the same time sample currents were applied ranging from 100 to 300 yA. This

led to Hall voltages up to 30 mV.

5.3.1 Results and discussion

In fig.5.6 the sheet carrier concentration is plotted versus the

anneal temperature for the H hours annealed samples. Experimental errors in

this figure are smaller than the size of the square indicating the
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datapoint. The sheet carriers concentration increases gradually with anneal

temperature up to 700°C, where it reaches a saturation value. This value

agrees excellently with the implanted dose (10I3/cm). The experimental

accuracy allows us to conclude that there are three different regions:

I Anneal temperatures from 450°C to 550°C

j.1 Anneal temperatures from 550°C to 700°C

III Anneal temperatures from 700cC to 900°C
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fig.5.6 Experimentally determined fig.5.7 Measured and aalaulated

number of carriers as a mobilities as a function

function of anneal of anneal temperature for

temperature for a 10 /am a 10 /am " 1 MeV boron

1 MeV boron implantation. implantation.

This same distinction can be made in fig.5.7 where the carrier

mobility is plotted versus the anneal temperature. This graph has a

peculiar form: The mobility increases to a maximum at an anneal

temperature of 600°C, decreases and reaches a saturation value at 700°C.

The explanation is as follows: In the first region the mobility

increases with temperature because of the restoration of the lattice. At

about 600°C the restoration process is completed. The decrease of the
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mobility in region II is not caused by the phenomenon known as reverse

anneal [5.9,5.10], but simply by scattering by increasing numbers of

activated purities. The concentration of the boron atoms is in the order

of 1Cl7/on. n whic -ange the mobility :.G very sensitive to changes in the

concentrate *" impurities. This can be seen in fig.5.8 where the hole

moDility is pi..,,ct-J -., a function of the impurity concentration [5.7]. The

difference in slope between the first and the second region in fig.5.6

suggests that the number of carriers is also determined by the damaged

lattice, because the number of carriers seems to be enhanced by the

defects.

fig-5.8 Hole mobility as a function of impurity concentration as

calculated with the expression from Thurber [5.7]

In region III, above 700°C, there is no change in the mobility,

because all impurities are activated.

The Hall measurements were repeated for an implantation dose of

5 * lO'Vcm2, having its peak concentration ( = 10l6/cm3) in the region where

changes in the number of impurities hardly influence the mobility. The

sheet carrier concentration versus the anneal temperature of this

experiment is plotted in fig.5.9. This graph has basically the same form as

fig.5.6, but because of the low dose, there is greater experimental

inaccuracy in the data.
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From f ig .5 .6 i t can be concluded that for a dose of 10 lVcm2 complete

act ivat ion i s reached above 700°C, because the sheet car r ier concentration

appears to be equal to the implanted dose. At a dose of 5 * lO'Vcm2 , 10?

wil l be compensated by the bulk doping. Complete act ivat ion would thus lead

to a sheet concentration of <4.5 * lO'Vcm2 . Fig.5.9 shows that t h i s is not

the case. The sheet concentration of ca r r i e r s i s only 2.5 * 10'Vcm2 .
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fig.5.9 Experimentally determined

number of carriers as a

function of anneal

temperature for a

5x10 J1/cm 21 MeV boron

implantation.
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fig.5.10 Measured and calculated

mobilities as a function

of anneal temperature

for a 6 * 1011 /cm ''1 MeV

boron implantation,

In fig.5.10 the experimental average mobilities in the layer are

plotted as a function of the anneal temperature. These mobilities are

compared with calculated average mobilities, using the expression from

Thurber et al.[5.7]. These calculations were performed using the

experimentally determined sheet carrier concentration (see Appendix).

These calculated mobilities are also shown in fig.5.10. In the first

part of this graph (H50°C - 550°C) there is no agreement between

experimentally determined and calculated values of the mobility. This can

be explained by the fact that lattice damage is dominating the mobility.
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For temperatures above 600°C, the agreement between experimentally

determined and calculated mobilities is good. This leads to the conclusion,

that the experimentally determined sheet carrier concentrations, as shown

in fig.5.9 are real. It seems therefore, that complete activation is not

reached at this low dose implantation.

The explanation for this incomplete activation is that as a result of

the implantation two junctions are formed. Calculations show that the

missing carriers are within the depletion regions of the two junctions and

therefore cannot be measured. In the case of the 10 l 3/cm 2 implantation only

3% of the implanted dose is within the depletion region. Since this is

within experimental accuracy, complete activation is assumed.

In fig.5.7 also mobilities are shown, calculated from the

corresponding sheet carrier concentrations from fig.5.6. These

calculations strengthen the explanation we gave before: In the lower

temperature region CJ50°C - 550°C) lattice-damage dominates the mobility.

In the other two regions, an excellent agreement between calculated and

experimentally determined mobilities is demonstrated.

5.4 Noise measurements

5.^.1 Introduction

When a current is passed through a semiconductor all the charge

carriers do not have the same mobility. The mobility of these carriers is

affected by several circumstances of which the state of the lattice is one-

Due to lattice scattering a fluctuation in the mobility is generated. This

fluctuation causes noise and appears to obey a 1/f dependence [5.11]. This

noise can be measured as fluctuations in the conductance and from the

amount of noise conclusions can be drawn about the quality of the lattice.

So in this way noise measurements can be used to check the quality of the

crystal after annealing.

10-4



5.1.2 Measurements

The noise measurements have been performed on the same type of

s t ructures as described previously, although some changes have been

introduced. The small contacts of the Van der Pauw st ructures produced too

much noise and therefore a Greek-cross s t ruc tu re , as shown in f i g . 5 .11 , was

used.

X :

fig.5.11 Greek-arose structure.

The large contact areas produced l i t t l e noise as they were no longer

made by indiffusion from polysi l icon, but by a ser ies of boron

implantations: a dose of 10'Vcm2 at FO, 160, 280 and 150 keV and doses of

3 » 10'Vcm2 at 650 keV and 2 * 10'Vcm2 at 900 keV. These implantations

were activated during a one hour anneal at 1000°C. The annealing of the

implanted layer was equal to the anneals described in section 5.2, namely H

hours at temperatures ranging from 450°C to 900°C.

The noise measurements have been performed at the Eindhoven

University of Technology by the Electronical Technical Material Science

Group.

The conductivity f luctuat ions were observed on passing a constant

current through the sample and measuring the spectra with an IIP 3582A

spectrum analyzer [5.12]. In general the 1/f noise can be interpreted as a

bulk phenomenon. I t i s well described by Hooges empirical re la t ion for

homogeneous samples submitted to homogeneous f ie lds [5.11]:
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Sv n

4-= — (5.6)
V2 fN

Here N is the total number of free carriers in the sample, a a 1/f noise

parameter with values between 10~7 and 2 x io~3 [5.13], f the

frequency, V the applied voltage and Sv the measured spectral noise

density.

For samples with the Greek-cross geometry the noise relation has been

rewritten. When the noise is measured across the current-driving contacts

the 2-probe noise relation becomes [5.14]:

fpSF2
(5.7)

Here Rs is the sheet resistance, I,3 is the current that is passed

through opposite contacts, p the sheet carrier concentration, S the sample

area (5L2) and F2 a reduction factor for this configuration, having a value

of 0.129 [5.11]. In this calculation ideal, noise free contacts and a

bulk noise source homogeneously distributed in the layer are assumed.

For the 4-probe situation, with the current passed through the

contact pair 1,3 and the voltage measured across the contact pair 2,1, the

1/f noise can be calculated from [5.11]:

aR' I? 3
Sv = — (5.8)

fpSF,

where F,, has the value 1.06.

When the contacts make a negl igible contribution the experimentally

observed 2-probe and 1-probe noise r a t i o for the same applied current must

agree with the r a t i o :

Sv F,,
r A = 8 (5 .9 )

Experiments result in noise ratios between 8 and 11 in the 1/f noise parts

of the spectrum, which is a good indication that the assumptions made on

homogeneous samples with noise-free contacts are valid [5.11].
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5.1.3 Results and Discussion

In fig.5.12 the spectra at T= 300 K are presented between 3 Hz and 10

kHz for the samples annealed at M50°C (squares) and 700°C (circles).
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fig.5.IS Noise epeetra of a lO^^/om" 1 MeV boron implantation of

a 450 °C annealed sample (closed squares) and a 700 'C

annealed sample (closed oirales). Also shown are

corresponding thermal noise levels.

These spectra are corrected for the thermal noise levels. Also included are

the 'l-probe thermal noise spectrum from the li50°C annealed sample (open

squares) and from the 700°C annealed sample (closed circles). The diamonds

indicate the 2-probe spectrum of the 150°C annealed sample and the closed

squares t'.s H-probe spectrum of the sane sample, using 1= 220 yA and

V= 3.25 V. The spectrum of the 700°C annealed sample (closed circles) shows

a spectrum that consists of a 1/f noise contribution and a generation-

recombination noise contribution. This contribution can be written as:

S -
(f/fc)

(5.10)
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The plateau values A for f<f0 obtained fro.n 2-probe measurements are in

the order of S V i /Ii3
2= 3 * 10"7 B'/Hz.

It appears that samples annealed above 600°C exhibit spectra that

consist of both contributions. The characteristic frequency fc of the

Lorentz spectra was of the order of *tO Hz.

The generation-recombination noise in the implanted layers is

prcbably caused by trapping into defect levels induced by implantation.

This can be deduced from the fact that all the experimentally observed

characteristic frequencies from the noise measurements were in the

10<fc<250 Hz range. From electron emission rates (1/tn = 100/s) and

hole emission rates (1/tr 1000/s) observed by Troxell [5.15], i t

appears that cha rac te r i s t i c frequencies in the generation-recombination

noise between 16 and 160 Hz could be expected.

Using the condition Sv I 1 3
2 the 1/f noise parameter a has been

calculated using eq.(5.8) and experimentally determined sheet res is tances

R3 and numbers of ca r r i e r s p. The a-values from 1-probe measurements are

shown in f i g .5 .13 . These values vary between 3 » lO"1" and 7 * 10"6 .
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fig.5.13 1/f noise parameter as a function of anneal temperature.
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From this graph it can be concluded that at room temperature a is

proportional to exp(AE/kTan) where AE is an activation energy of 1.1 eV

and Tan the anneal temperature of the samples in Kelvin. The better the

crystal, the lower the 1/f noise parameter a. For the 900°C annealed sample

only generation-recombination noise has been observed.

The same value of the activation energy has been observed by Bicknell

and Allen [5.16] in their anneal experiments. This activation energy is

associated with the activation of boron according to their observations. In

our anneal experiments as presented in section 5.2 no single activation

energy can be determined.

5.5 Channeling measurements

5.5.1 Introduction

As has been mentioned in the introduction to this chapter there are a

few methods to determine the damage distribution after implantation.In this

section the channeling method is described that has beer, used to determine

the damage distribution produced by implantation and the residual damage

after annealing.

In a channeling experiment a collimated beam of high-energetic

protons or alpha-particles impinges on a single crystal. When the beam is

directed along a major crystallographic direction the particles entering

the crystal are steered away from the target atoms by a series of gentle

collisions with rows of atoms. Therefore the probability of backscattering

is much lower than for particles travelling in a random direction.

Damage causes an increase of the backscatter yield . This increase is

caused by backscattering from atoms that are displaced over a large

distance (direct scattering) and by the transition from a channeling

trajectory to a random trajectory by small angle deflection (dechanneling).

When the damage consists of (clusters of) interstitials both direct-

scattering and dechanneling contribute to the increase of the backscatter

yield. On the other hand dislocation loops cause dechanneling only.
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5.5.2 Experiments

The channeling experiments have been performed on samples implanted

with ' MeV boron to a dose of 10l5/cm2. P-type wafers were used that were

covered during implantation for one half with an aluminum foil and had a 7°

tilt together with a 27° rotation in order to avoid channeling.

The wafers were divided in such a way that 4 samples resulted with a

2 » 1 cm2 size each consisting of an implanted and a non-implanted part.

Three samples were annealed at different temperatures for one hour: 600°C,

750°C and 900"C, in a nitrogen ambient. The fourth sample was not annealed

but was used to obtain the primary damage as caused by the implantation

itself.

Channeling experiments were performed with the 6 MeV Van der Graaff

accelerator at the State University of Groningen using 3 MeV a-particles.

5.5.3 Results and Discussion

In fig.5.14 the channeling spectra recorded from the non-annealed

sample are shown. In this figure the (110) planar and [100] string spectra

of the implanted and the non-implanted part of the sample are shown

together with the random spectrum.

From these spectra i t can be clearly seen that damage is present in the

implanted part, since the spectra from this part of the sample show more

dechanneling than the spectra from the non-implanted part.

The depth to which the damage extends can be estimated from this

graph. The spectra of both the implanted and the non-implanted part are

parallel at depths greater than 1.6 urn. This means that the amount of

dechanneling or direct-scattering is the same for both parts. Thus the

damage caused by the implantation is present in a top layer with a

thickness of 1.6 vim.

The normalized difference between the yield of the implanted and the

non-implanted axial spectra is shown in fig.5.15. Both direct-scattering

and dechanneling are important. This can be concluded from the fact that
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fig.5.14 Random, planar and string channeling spectra recorded
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from a non-annealed 10 /am 1 MeV boron implantation

fig.5.15 Deahanneled and dire at-scatter contribution of the non-

annealed sample compared with the energy deposition

density ae calculated by Briae [5.17]
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the upper curve in fig.5.15 shows a peak. Beyond a depth of approximately

1.5 urn the direct-scatter contribution decreases but both curves in fig.

5.it are not parallel beyond this depth. This means that dechanneling gives

an important contribution too.

When the dechanneled contribution is assumed to be proportional to

the integrated direct-scattering contribution at smaller depths, i t is

possible to separate both contributions. In this way a direct-scattering

contribution can be obtained that is proportional to the damage profile.

Brice [5.17] has calculated the energy deposition density as a

function of depth for various implantations. From his work the energy

deposition density of an 1 MeV boron implantation can be deduced. The

shape of this curve is compared qualitatively with the measured damage

distribution in fig.5.15. The measured damage profile resembles the

theoretical curve. According tc Brice no surface damage is created at this

high energy. The experiment however, shows that there is a second small

damage peak just below the surface. This is probably caused by the damage

cascades resulting from knock-on collisions at the surface. In that case

the silicon atoms gain enough energy from collisions with 1 MeV boron ions

SIP57
l HEV B 1E15
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IN 750C

T I
depth (jim)

fig,5.16 Random, planar and string channeling spectra as recorded
from f 10 Ifyam 2 % MeV boron implantation after annealing
760 "C for 30 min.
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to create damage cascades. This is very effective, because the energy

transfer in a silicon-silicon interaction is at a maximum and therefore

relatively much damage is created at the surface.

The depth at which the damage distribution is at a maximum is

approximately 1.5 ym. This is more close to the impurity distribution than

is suggested by Hofker [5.18]. He reports a ratio of 0.8 between the peak

of the damage distribution and the projected range of the impurity

concentration.

Channeling experiments on the 600°C annealed sample show no

difference in spectra of implanted and non-implanted part of the sample.

Therefore it can be concluded that implantation damage is removed after an

anneal at 600°C.

Figs.5.16 and 5.17 show the spectra that result from the measurements

performed on the 750°C and the 900°C annealed samples. In both samples no

damage can be demonstrated up to a depth of 1.3 urn, because the spectra

from both the implanted and the non-implanted part of the samples coincide.
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fig.5.17 Random, planar and string channeling spectra as recorded
from a 10 15/cm2 1 MeV boron implantation after annealing at
900 °C for 30 min.
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The same holds for depths beyond 1.7 um, where the spectra from the

implanted and non-implanted part are parallel. This means that the damage

is localized in a small energy interval, corresponding to a buried layer.

The damage distributions calculated from the planar spectra from both

samples are shown in fig.5.18. It can be seen that the damage is restricted

to a layer at a depth of 1.55 pm with a width of approximately 200 nm. It

is very striking that the amount of damage increases with anneal

temperature.

i ' boo ' liooo l l'1™ li5»ctNrt'i!ioo' hoo1 boa

fig.5.18 Damage distribution as calculated from the planar

spectra from the 750 °C and 900 C annealed samples.

The explanation is as follows: for temperatures up to 600°C lattice

disorder produced by implantation is removed. Therefore no damage is

observed from these channeling experiments. Bicknell and Allen [5.16] show

by means of TEM-measurements that at this temperature small linear defects

arise less than 5 nm in length. When the anneal temperature is raised the

defects grow and dislocation loops are formed that grow with increasing

temperature. They state that the loops tend to persist in samples annealed

in a nitrogen ambient, but disappear in samples annealed in vacuum at

temperatures above 85O°C. This behaviour is explained by the migration of

surface vacancies as is suggested by Sanders and Dobson [5.19]. They assume

that the vacancy c-•<..^entration in the sample is dependent on the ambient in
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which the sample i s annealed. In an oxidation step in a i r , vacancies are

emitted by the s tacking-faul ts from which they diffuse to the surface and

cause a growing of the s tack ing- fau l t s . In vacuum the process i s the" other

way around, vacancies are generated at the surface and diffuse to the

stacking-faul ts which causes a reduction of the s tack ing- fau l t s .

In f ig .5 .19 the damage d is t r ibu t ion of a 900°C annealed sample is

plotted together with the impurity d i s t r ibu t ion as obtained from NRA

measurements using the ' 'B(a ,n) ' "N reaction as described in section 3.6.

Both damage and impurities are confined to a narrow region with a width of

approximately 200 nm. The boron d i s t r ibu t ion seems to be at a somewhat

greater depth than the damage d i s t r i bu t ion . This might be explained by

inaccuracies in the stopping powers used at these a-energies [5.20].

• 3

O.1-

2 . 5

fig.5.19 Comparison of the relative damage distribution and the

impurity distribution of the 900 C annealed sample.
19 3

Concentration units are in 10 /am .

The appearance of dechanneling at the position of the impurity

distribution might be explained as follows: The high boron concentration

causes a contraction of the lattice. In order to lower the strain in this

area misfit-dislocations are formed that are observed by the channeling

measurements.

Annealing at 900°C in vacuum gives the same damage distribution. This
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leads to the conclusion that the annealing of damage at a depth as large as

1.5 pm is not sensitive for the annealing ambient anymore, in contrast with

the observations of Sanders and Dobson [5.19].

In order to investigate the influence of the boron distribution on

the damage distribution, another sample is annealed at 1000°C for 30 rain.

With this anneal treatment a considerable broadening of the impurity

distribution is brought about due to diffusion. In fig.5.20 the boron

distribution is shown together with the measured damage distribution. Both

distributions broaden. This observation agrees with the explanation of

dechanneling due to misfit-dislocations near the peak of the boron

concentration.
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fig.5.20 Comparison of the relative damage distribution and the

impurity distribution of the 1000 C annealed sample.
19 3

Concentration units are in 10 /am .

The amount of dechanneling has decreased as a result of the anneal

treatment as can be concluded from a comparison with fig.5.19. This means

that the amount of dechanneling decreases due to diffusion. This can be

attributed to a lower dislocation density due to annihilation or to growing

of the dislocation length.

116



5.6 Conclusions

It is difficult to explain the anneal behaviour of deep implanted

layers because for every anneal temperature a different saturation value is

found for the sheet resistance.

A multi-step anneal gives the same value of the sheet resistance as a

single-step anneal at the highest temperature of the multi-step anneal for

low doses.

From the. anneal experiments presented it can be concluded that

restoration of the lattice damage caused by implantation is reached after

an anneal treatment at 600°C for 30 minutes. This can be concluded from

Hall measurements and noise measurements for low dones, and also for higher

doses from channeling experiments.

For annealing temperatures below 600°C the mobility in the implanted

layer is dominated by lattice damage. At higher temperatures the

concentration of impurities on lattice sites has increased. Therefore

impurity scattering decreases the mobility of the carriers. The average

mobility in an implanted buried layer annealed at temperatures of 600°C and

higher can be calculated using the formulae from Thurber.

Complete activation of low dose implanted layers is reached within 30

minutes annealing at 750°C, this can be concluded from sheet resistivity

and Hall measurements. However, at this temperature and higher anneal

temperatures damage remains in the crystal in the form of dislocation loops

as can be concluded from channeling experiments and from noise measurements

that show generation-recombination noise. This remaining damage does not

have an electrical effect for a dose of 10l3/cm2, since complete activation

is reached. In the case very low doses (5 » lO'Vcm2) are used, a

considerable part of the implanted dose is within the depletion layers. For

the 10'Vcm2 implantation this fraction is within experimental error.

The 1/f noise parameter a decreases by annealing out lattice damage

and an empirical proportionality a = exp(AE/kTan) is found with AE=1.1eV.

For high doses of boron (10l5/cm2) dislocation loops are present in

samples annealed at 750°C and above that increase with anneal temperature

up to 900°C and decrease at higher anneal temperatures although then both

the impurity distribution and the damage distribution broaden.
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APPENDIX

C a l c u l a t i o n of the average mob i l i t y of an implanted buried l aye r

In t h i s c a l c u l a t i o n , we use the c u r v e - f i t s from Thurber e t a l . [ 5 . 7 ]

for the hole mobility at two different temperatures as a function of the

hole density:

u = A exp{-(po/p)] + Umax/ [1 + (p /p r e f )
a ] {AD

With a l i n e a r e x t r a p o l a t i o n of the da t a from Thurber we found for T = 19°C

A = 45.5 cmVVs Mmax = 501.7 cmVVs

p c = 8.77 » 1 0 l 6 / c m 3 p r e f = 2 » 1 0 ' V c m 3

a = 0.717

We assume the hole density p = p(x) to have the same shape as the impurity

profile. This profile is approximated by a Gaussian curve:

Y — R

P = Pmax exp|- - (—_p)2} (A2)
i. ARp

with p m a x being the peak concentration, defined by:

Values of the projected range and the projected range s t raggl ing are taken

from Smith [5.21] .

Rp = 1 .647 via, ARp = 0.121 ym
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And n is the number of carriers extracted from figs.5.6 and 5.9

The average mobility of a burled implanted layer is calculated by

integrating the hole mobility over the impurity profile

uH p(x) dx
" (A1)
/ p(x) dx

The denominator of eq.tAt) is by definition the number of carriers n. As

integration boundaries were chosen: 3.5 ARp and -3.5 ARp, covering

99.9? of the number of carriers. Inserting eqns.(A1) and (A2) into eq.(At)

and substituting (x - Rp)/ARp by y leads to

p m a x / exp[- - J exp( e ) dy
0 2 Pmax

2 Pmax Umax /'exp(- -
o 2

x 1 + -222S _ -r dy (A5)
r + ( p m a x exp(-yV2)]g-|

L Pref J

This equation was solved numerically.
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A PHOTODIODE WITH ENHANCED BLUE SENSITIVITY

6.1 Introduction

Silicon is widely used as a material for the fabrication of solar

cells and photodetectors. This choice is based on a number of favourable

conditions: The bandgap of 1.1 eV allows the generation of electron-hole

pairs by photons from the visible light spectrum. The starting material is

not expensive and because of the availability of the required process

technology, it is relatively easy to make silicon photodetectors and solar

cells. So silicon is well suited for the conversion of light of the solar

spectrum.

The main problem in the construction of photodetectors and solar

cells is the strong dependence of the absorption coefficient on the

wavelength. This can be seen in fig.6.1. In this graph the absorption

coefficient a is plotted as a function of the photon energy.

; ' I ' J ! 1 ' ] ' I

1.0 1.8 2.6 3.4 4.2
Photon Energy, eV

fig.6.1 Intrinsic absorption coefficients of Si, Ge

and GaAs as a function of photon energy [6.1].

The absorption coefficient is defined as the depth at which the intensity

of the single-wavelength radiation has decreased to 1/e of its intensity at

the surface. From this graph it can be concluded that most of the photons

in Ge and GaAs are absorbed within the first micron of the substrate, while
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in Si the lower part of the visible spectrum can penetrate as deep as 10

um.

Due to this absorption the number of photons decreases exponentially

with depth x:

N(A,x) = N(A,0)exp[-a(A)x] (6.1)

Here N(A,x) is the number of photonn with wavelength A at depth x,

therefore N(A,0) is the number of photons with wavelength A at x=0. As can

be seen from fig.6.1 the absorption coefficient a varies from 50/om at

A=l100 nm to >1e6/cm in the UV range. This means that there is a large

variation in the depth where the different wavelengths are absorbed. The

major part of the blue and UV radiation is absorbed in a shallow layer

directly underneath the surface of the semiconductor, where it is

difficult to prevent fast recombination of generated electron-hole pairs.

Several structures have been proposed and implemented in order to

enhance the blue and UV responsivity of silicon photodetectors [6.2-6.5].

In all these cases shallow junction depths were achieved by diffusion.

However, lifetimes of the carriers in the highly doped top layer kept their

low values, which resulted only in small improvements in the blue and UV

sensitivity.

Other methods (e.g. Schottky barrier or inversion-layer cells)

resulted in higher sensitivities to the short wavelengths, because the

generated electron-hole pairs were separated by an electric field close to

the surface [6.1,6.6].

In this chapter a method is presented for making photodetectors with

enhanced blue and Ii7 sensitivity using high energy ion implantation.

6.2 Theoretical background

When the energy of a photon matches the condition:

hc/A>Eg (6.2)
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it can be absorbed in the semiconductor. In eq.(6.2) h is Planck's

constant, c is the velocity of light, \ is the wavelength of the photon and

Eg the bandgap of the semiconductor. The absorption process takes place

in such a way, that the energy of the photon is transferred to an electron

in the valence band, which is then excited to the conduction band, thereby

creating one electron-hole pair. This is shown schematically in fig.6.2.

BEFORE AFTER

I
E, — • — I

fig.6.2 Proeees of photo-exitation. (band to band)

The energy of the photon in excess of Eg is converted into kinetic

energy of the carriers and finally into heat. For this reason, solar cells

are coated in such a way that they reflect the blue light, because this

light is absorbed in the top region and almost completely converted into

heat. This causes an increase in temperature which reduces the cell

efficiency [6.1].

The generated electron-hole pairs can be separated at a semiconductor

junction and yield the photocurrent in that way. If not, they recombine at

the surface or in the bulk. The number of electron-hole pairs generated per

unit volume at depth x from the surface by photons with wavelength A is

gi ven by:

G(X,x)= -dNU,x)/dx= a(A,O)exp[-aU)x] (6.3)

When these electron-hole pairs are generated within the depletion

layer of the junction or within effectively one diffusion length from that

layer, they will be separated by the electric field in the depletion layer

of the junction and contribute to the photocurrent.
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The collection efficiency n is defined in this context as the ratio

of the number of separated electron-hole pairs and the total number of

photons absorbed in the photodeteetor with a certain wavelength:

n(A)= j scU)/qNU,0){1- exp[-aU)d]} (6.14)

Here jsc(A) is the shortcircuit photocurrent density, d is the thickness

of the silicon detector and q the elementary charge. By solving the

continuity equation in steady state the shortcircuit current density at the

junction can be calculated, (see Appendix) and from that the collection

efficiency.

The spectral distribution of the collection efficiency appears to be

affected by four parameters. The influence of these parameters will be

shown by varying them successively starting from the structure as shown

in fig.6.3.

surface
recombi-
nation
velocity:

5*103 cm/s

x = 0 pm Xj= 1 urn d = 200 ym

fig.6.S Cross-section of the structure from which the influence

of the different parameters on the collection efficiency

will be discussed.

The collection efficiency of this structure is indicated by an asterix in

the next figures. These plots resulted from calculations with the computer

program DETEC [6.7]. This program gives a one dimensional analysis

neglecting lateral currents and electric field under low level injection

conditions.

P type

Ln= 1 vim

NA=5*1018

E=0

N type

Lp= 25

ND= 10 '

E=0

ym

Vcm3

surface
recombi-
nation
velocity:

1020 cm/s
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6.2.1 The surface recombination velocity

The dependence of the shortcircuit current on the surface

recombination velocity (SRV) is introduced with the boundary condition of

the continuity equation (see Appendix). The influence of the SRV on the

collection efficiency is plotted in fig.6.4 .

From this graph it appears that the effect of this parameter is strongly

noticeable in the wavelength region below 500 nm. This is due to the fact

that the short-wavelength photons are absorbed close to the surface (see

fig.6.1). The carriers generated in the top layer can reach the surface and

recombine. Since we are interested in improving the blue and UV

responsivity of the photodetector, the value of this parameter has to be

reduced.

As the surface recombination has its origin in surface-states,

arising from "dangling bonds", chemical residues, metal precipitates, etc.

[6.1], the surface has to be cleaned and passivated carefully to reduce the

number of surface-states.(See [6.8], p139, where it appears that the SRV

depends linearly on the number of surface-states.) In this way, the SRV

IDD " 200 " 300 UOtT" 5Pd~ BDD"" 7DD "" BDD " " 900 " 1DDD

WRVELENGTH INMI

fig.6.4 The influence of the SRV on the collection efficiency.
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can be reduced to acceptable values (<10" cm/s). For this case further

reduction to values below 103 cm/s is seen to have negligible influence on

the collection efficiency.

6.2.2 The minority carrier lifetime

The influence of minority carrier lifetimes on the collection

efficiency will be discussed separately for the n-type and the p-type

layer .

In fig.6.5 and fig.6.6 the diffusion length of the minority

carriers is used as the parameter instead of the lifetime, because the

diffusion length is a parameter direct comparable to the depth.

The relation between the lifetime x and the diffusion length L is

given by:

L= /(Dx) (6.5)

where D is the diffusion constant of the carriers. The diffusion length is

thus defined as the mean distance a minority carrier can travel before

recombination takes place. In fig.6.5 the diffusion length of electrons in

the p-type toplayer is the parameter.

As can be seen, Ln mainly affects the short wavelengths, that are

absorbed in the top region.

In the basic structure, both the thickness of the p-layer and the

diffusion length of the electrons within that layer were chosen to be 1 \im.

This would mean that roughly all electron-hole pairs generated within the

p-layer would be collected if the SRV is assumed zero. However, due to the

recombination at the surface, an increase of the diffusion length to twice

the junction depth gives a significant improvement in the short-wavelength

collection efficiency. When the diffusion length becomes smaller than the

thickness, the efficiency decreases sharply.

In fig.6.6 .the diffusion length of holes in the bulk is varied. As

can be seen, this mainly affects the longer wavelength photons, which
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3 INFLUENCE

3.B0 a» -"" ' . •
i i p 2. DO UP - - ' / '

'• ! •> ^ • ' / /

• o i ''
. (Dp I. 3D UM ^ | s'

1_
100 " 200""""" 300 1400 500 " 630'" " 7o"0

WHVELENGTH [NMI
'"" goo" ' 'T:D

fig.6.5 The influence of the diffusion length of electrons

in the taplayev on the collection efficiency

ZOO 300 HOD 500 " BD0 " ' 700 8D0

WRVELENGTH INM1
900 I0D0 1100

fig.6.6 The influence of the diffusion length of holes in the

bulk on the collection efficiency.
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penetrate deeper into the silicon before they are absorbed (see fig.6.1).

The peak of the collection efficiency curves shifts towards the longer

wavelengths with increasing diffusion length, because a longer diffusion

length helps in the competition with the very high SRV at the back surface.

The collection efficiency is reduced dramatically, when the diffusion

length becomes small compared to the thickness of the layer (<50 um).

6.2.3 The electric field in the toplayer

In the structure of fig.6.3 no electric field outside the depletion

region has been assumed. In reality however, electric fields are often

present, caused by impurity concentration gradients. By varying the

impurity concentration at the surface between 1018/cm3 and 10'Vcm3 and

at the same time varying the concentration at the junction between 1019/om3

and lO'Vcm3, an exponential doping profile has been assumed. This causes

an opposing or an enhancing constant electric field in the toplayer

respectively. In fig.6,7 the effect of the resulting electric field is

/ N F L J E N C E J F E-FitLD

I -
U _ . . j I D 5 V / C M .

L J . J J -1 J 1 J
IC1C1 VXW 'IDC 1400 iiCQ BCJIJ 7C7!

W f l V f L k N G T H INM)

J J
sa

I

fig.6.7 The influence of the eleatria field in the

toplayer on the collection efficiency.
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plotted.

When we compare figs.6.5 and 6.7 it can be seen that the effect of

an electric field leads to the same result as a variation in the diffusion

length of electrons in the toplayer. This is clear from the current density

equations (A2) that include both effects. E.g. an opposing field of

360 V/cm results in the same efficiency as a decrease in the diffusion

length to 0.75 urn would do; an enhancing field of 600 V/cm is comparable

with an increase in the diffusion length Ln to 1.5 pm.

6.2.M The junction depth

As was already mentioned in the introduction to this chapter, the

first approach to enhanced blue and UV sensitivity of photodiodes was the

use of shallow junctions.

In fig.6.8 it can be seen, that by making the junction more shallow

the efficiency can be raised effectively, especially in the short

wavelength region. In that case the diffusion length Ln exceeds the

JNFLUENCf [IF XJ

1 . 3 5 UM .

1.513 UM ..--y

1 . 7 5 UM

2.DO UM

[_
J.

3D0
.J J
UDD 500 .

WAVELENGTH

[
BOD
!NMI

J
700

J
BOO

J
«i)D

1
'.oac

fig.6.8 The influence of the junction depth

on the collection efficiency.
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junction depth, so the efficiency is raised together with the fact that the

shorter wavelengths are better collected because the carriers are generated

closer to the junction.

6.2.5 The anti-reflection coating

So far, only the bare silicon is considered assuming no reflection of

incident light from the surface. In fig.6.9 the spectral dependence of the

reflectance is plotted. From this plot it appears that the reflectance is

fig.6.9 The spectral dependence of the reflectance of silicon

bulk material and evaporated Si filme [6.9].

very high, especially in the blue and UV part of the radiation. (Approx 35?

at a wavelength of 500 nra to over 60? at a wavelength of 300 nm). This

would mean a considerable loss, and therefore an anti-reflection (AR)

coating has to be applied.

In order to determine the specifications for the AR coating, we

consider the total reflection R of incident light of wavelength \ from the

surface of a material covered by a single non-absorbing coating of

thickness d, [6.1]:
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R • (r, +r2 + 2r,r2cos2Q)/(1 +r, + r2 + 2rlr2cos20) (6.6)

where r, and r2 are the individual reflectances:

l = t.nl)-nl)/(r.0*nl) (n,-n2)/(n,+n2 (6.7)

and 0 is the phase thickness of the optical coating:

0 = 2 ii n l d l / X (6.8)

nL and n2 are the refractive indices of the coating and the silicon

respectively, and n0 is the refractive index of air which equals one. The

spectral dependence of the refractive index of silicon is plotted in

fig.6.10.

From this graph it can be seen that the refractive index for wavelenghts

below 400 nm becomes complex [6.91:

r-
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fig.6.10 Spectral dependence of the veal and imaginary part of

the refractive index of silicon.
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ngj « (Re)n (6 .9 )

for which the scalar eqs . (6 .6-6.8) are not appropriate .

In order to minimize the r e f l e c t i v i t y R, eq.(6.6) has to be

minimized. This minimum occurs for:

n ,d , - (6.10)

with k integer. The minimum is given by:

i - n 0 n 2 ) / ( n j + n 0 n 2 ) ] (6.11:

Eq.(6.11) becomes zero when the refractive index of the AR coating

equals the square root of the index of silicon. From eq.(6.11) it appears

that two parameters can be chosen: The material of the coating and the

wavelength at which the reflectance should be at minimum. The wavelength Ao

was chosen to be 450 nm because this is well within the blue part of the

5102 D- ^7 NM

I L I I
200 300 UOO 500 BOO 700 BOD 900 1Q00 HDD

WnVELENGTH (NM) J

fig.6,11 Calculated reflectance of a 7? ran thick SiO coating



spectrum and because there is practically no phase shift in the reflectance

of the silicon (see fig.6.10).

The material of the coating had to be thermally grown SiO2 because of

its good passivating properties. The thickness of the coating is then

determined by eq.(6.10) and turns out to be 77 nm. The refractive index of

SiO2 is rather low (1.46) and therefore the reflectance of light from this

optimized layer is high. The minimum reflection is still 12$ and lies at

500 nm in stead of at 450 nm, because the condition d= X/4n was obtained

assuming ngj to be constant. This is illustrated in fig.6.11.

A lower average reflection can be1 obtained by using a combination of

two AR coatings. The reflectance R is given in that case by [6.1]:

I ri+r|+r3+r5rlr| + 2r,r2(1+r3)cos2Oi+2r2r3(l+r5)cos202~l

+ 2r,r3cos2(01+G2)+2r1r|r3cos2(01-e2) J

R = (6.12)

' 2 1 3 2 3 1 2 3 1 S

]_ + 2 r , r 3 c o s 2 ( 0 l + 0 2 ) + 2 r l r 2 V 3 e o s 2 ( 0 1 - 0 3 ) J

where r , and r 2 a r e g iven by eqn ( 6 . 7 ) and r 3 by eqn ( 6 . 1 3 ) :

r 3 = ( n 2 - n 3 ) / ( n 2 + n 3 ) ( 6 .13 )

n3 is now the index of refraction of the silicon and 0, and 02 are the

phase thicknesses of the two coatings:

0,=2 it n,di/A 02=2 tr n2d2/A (6.14)

In this case,the minimum reflectance is given by:

3- n2n0)/(n*n3+ n2n0)] (6.15)

Because of the need for passivation of the surface of the silicon,

thermally grown SiO2 has to be used. This is not ideal, because the optical

density should decrease, in the ideal situation, going from silicon to air.
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The refractive index, however, is rather low (1.46) compared to the Index

of silicon at 150 nm (4.115). Therefore an AR coating with a higher index is

needed on top of the silicon-dioxide layer to reduce the reflection. The

thickness of the oxide layer must be reduced to a reproducible minimum

(20 nm).

Silicon-nitride was chosen as the material for the toplayer, because

this lies within the manufacturing capabilities of the IC workshop. An

optimum thickness of 36 nm for this layer was calculated. This gives a

minimum reflectance of 2% at 150 nm, as can be seen in fig.6.12, where the

reflectance of this double-layer coating is plotted.

20D 300 UQO 5DD BOD 700 BOD SOD 1000 1100

WRVELENOTH (NM)

fig.6.12 Calculated reflectance of the double-layer coating.
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6.3 The implanted photo duo-diode

6.3.1 Introduction

One of the most important conditions for enhanced blue and UV

sensitive photodetectors is that the carriers that are generated close to

the surface should be able to reach the junction. This can be done by

either increasing the diffusion length in the toplayer, decreasing the

junction depth, or incorporating an enhancing electric field.

When diffusion is used, the surface concentration is very high and

therefore a socalled "dead layer" is formed, with an extremely low

lifetime. Lindmayer and Allison [6.2] reduced both the surface

concentration and the junction depth by using critical diffusion times and

temperatures. The resulting concentration profiles are shown in fig.6.13.

io» S

r
MOO 3000

DEPTH |A)

fig.6.13 Diffusion profiles for phoephorue in silicon [6.2J.

(N* denotes the integral impurity concentration)
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fig.6.14 SUPREM simulation of a 1 MeV boron implantation.

This dead layer can be avoided when high energy ion implantation is used to

construct the collecting junction.

In fig.6.14 the impurity distribution of a 1 MeV boron implantation

as obtained from calculations with a modified version of SUPREM [6.10] is

shown.

With this 1 MeV ion implantation a buried layer is formed with two

junctions each having its own spectral sensitivity. The toplayer of the

substrate still has its original low doping level after the implantation.

The top junction will be sensitive to the short-wavelength part of the

spectrum, while the bottom junction will be mainly sensitive to the longer

wavelengths.

6.3.2 Measurements

The photo duo-diode has been made in three different processes. The

differences between these three versions are pointed out with the help of

fig.6.15. We will start the discussion of the cross-section of the duo-

138



fig.6.15 Cvoee-eeation of the photo duo-diode.

diode at the backside.

At this side of the device an extra implantation was performed to

getter possible contaminants. These can cause a reduction in lifetime or an

increase in the SRV at the backside.

In version I a dose of !016/cm2 Ar was implanted with an energy of

100 keV. Argon was used because of its mass and therefore its ability to

create damage. The amorphous layer thus formed gettered the contaminants.

The other two versions were implanted with 2 « 10'Vcm2 phosphorus at 150

ke\. Phosphorus was used for three reasons:

a) Phosphorus itself is a well-known material for gettering contaminants

b) The contact resistance at the back of the device is reduced.

c) The increased concentration of phosphorus at the back of the device

causes a back surface field (BSF) [6.1], which will enhance the

responsivity of the cell in the long wavelength part of the spectrum.

The starting material, the n-type wafer, has a bulk concentration of

approximately 10'5/cm3 (tl-8 ohm-cm) in the case of version I and II, while

in the case of version III 0.8-1 ohm-cm was used, having a bulk

concentration of approximately 8 * 10l5/cm3, thus reducing series

resistances. The shape of the p-type buried layer and the n-type top layer
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fig.6.16 SUPBEM simulation of the impurity

profiles in the photo duo-diode.

as simulated with SUPREM is shown in fig.6.16.

The profile of the p-type buried layer is not the same as in fig.6.11

because of the partly neutralization of the beam (see section 1.3) and the

different bulk concentration. At the time the photo duo-diodes were made

the switching magnet had not been installed. Approximately 5% of the doubly

charged boron ions were changed into singly charged before acceleration.

The p-type layer was formed in all three cases by implantation of

3 » 10'Vcm2 boron at 1 MeV, so in reality by 2.93 * 10'Vcm2 at 1 MeV and

1.54 x 10I2/cm2 at 530 keV. The n-type front layer was implanted with

phosphorus with doses of 5 * 10'Vcm2 (version I) or 10l2/cm2 (versions Ii

and III) at 200, 300, 400 and 600 keV to compensate part of the 530 keV

boron peak and to provide an extra electric field. In order to reduce the

series resistance of the high-ohmic toplayer of the detector, a contact

grid was applied. Contacts with the contact grid and the p-type layer were

made by indiffusion of phosphorus and boron from doped silox layers.

As was mentioned before (6.2.5) the AR coating consisted of thermally

grown SiO2 and Si3N,,. The thicknesses of the coatings for the various

versions differ from the calculated optimum, since it appeared to be

difficult to grow these layers with a reproducible thickness.This is
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illustrated in table 6.1 where the thicknesses of the different coatings

are presented. Some of the differences in spectral response between the

various versions can be explained by these differences in the coatings

(see 6.3.3).

The total area of the duo-diodes was 2.25 mm2, including the grid

area, resulting in an effective area of 2.003 mm2. The duo-diodes were

mounted and bonded in standard 24 pins encapsulations.

optimum

I

II

III

SiO2

20

25

26

22

Si3N,

36

H2

26

32

Table 6.1 Comparison of coating thicknesses of the three versions

with the calculated optimum. Values are in nm.

Spectral responses were measured at the Biophysical Group of the

Physics Department using a Beckmann Du3 Speetrophotometer for the UV and

visible range (190-900 nm) with a slit width of 5 nm.

The illuminated area was defined by a diaphragm with an area of 2.03

mm2.

Short circuit currents were measured as a function of wavelength for

both junctions separately, with a Keithley model 602 electrometer.

Together with the implanted duo-diodes two standard Siemens BPW34

photodiodes and two UV enhanced UDT UV005 photodiodes were measured for

comparison.

Calibration of the spectral intensity of the spectrophotometer was

performed using two calibrated AEG photodiodes. These photodiodes were

calibrated at the "Physikalisch-Technische Bundesanstalt" in Braunschweig,

West Germany.

Measurements performed with the AEG cells in August 1984 were

compared with measurements performed in October 1983 [6.11]. This showed a

degradation in the blue sensitivity compared with the UV005 cells, which
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were measured too at botv moments.

In fig.6.17 the ratio between the last (NEW) and the first (OLD)

measurements is plotted for both the AEG and the UDT cells. From this plot

it can be deduced that the spectral intensity of the spectrophotometer has

decreased. According to the UDT cells approximately 10? over the whole

range, while according to the the AEG cells the decrease has a spectral

distribution. From this plot and from calculations on the collection

efficiency of the implanted duo-diode it has been concluded that the AEG

cells degenerated in the period considered.

When we used the AEG cells to determine the spectral intensity of the

spectrophotometer, the collection efficiency of the implanted duo-diodes

exceeded 100J in the blue- and UV-range, which is impossible. Therefore the

absolute spectral intensity was calculated using the ratio between the old

values of the AEG and the UDT cells, and the new values of the UDT cells.

This method was used because the first measurements with the AEG cells were

performed shortly after the official calibration and are therefore assumed

to be correct.
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In fig.6.18, the absolute spectral intensity of the spetrophotoraeter,

determined as described above, is plotted. The peak at 600 nm is caused by

an order sorting filter. The wavelength-range is defined from 33^ to 900

nm; namely the AEG cells were calibrated for wavelengths between 33^ and

1050 nm and the limits of the spectrophotometer were 190 and 900 nm.

6.3.3 Results and discussion

Spectral responses have been determined by measuring the short-

circuit current through one of the junctions as the result of an

illumination with monochromatic light. The other junction was short-

circuited at that time. The incident energy was calculated from fig.6.18,

resulting in the response. In fig.6.19 the spectral response of the Siemens

BPW34 diodes and the UDT UV005 diodes is compared with version II of the

implanted duo-diode.

It is clear that the implanted duo-diode is superior over the two

commercially available photodiodes in the range from 350 to 600 nm. When



compared with the UV005, which is an especially UV-enhanced photodiode, the

implanted duo-diode has a better spectral response in the range from 350 to

850 nm. As can be seen from fig.6.20 (curve II) the reflection of the

implanted duo-diode increases strongly for wavelengths below 400 nm. This

means that the spectral response of the duo-diode could be improved in the

UV range when appropriate coating-materials would be applied.

It was impossible to compare the collection efficiencies of the

implanted duo-diodes and the UV005 diodes, because information about

coating(s) of the UV005 was classified.

In figs.6.21,6.22 and 6,23 the spectral responses of the three

versions are shown. Spectral responses are shown for both junctions

separately in every plot. "BLUE" indicates the spectral response of the

toplayer junction, while "RED" indicates the response of the lower

junction. "TOTAL" indicates the total spectral response of the photo duo-

diode considered.
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The values of the maxima of the spectral responses are presented in table

6.2.



\ / SR I I [ II I III

BLUE | 450 / 0.30 I 450 / 0.31 | 450 / 0.31

RED | 800 / 0.35 | 800 / 0.35 | 825 / 0.38

TOTAL I 700 / 0.43 I 700 / 0.41 I 825 / 0.42

Table 6.2 "Coordinates of the maxima of figs.6.21, 6.22

and 6.23. A is in ran, SR is in A/W.

The blue-responsivity of version I is lower than that of the other

two versions. This can be explained by the difference in reflection, as can

be seen in fig.6.20, where the reflection curve of version I is shifted

towards the longer wavelengths, thus having a high reflectivity at the

short wavelengths. With fig.6.20 also the higher total responsivity at 700

nm can be explained: the reflection is much lower for version I than for

the other two (6.5? and 15/16% respectively). The influence of the

reflectance is also incorporated in figs.6.21, 6.22 and 6.23. The curves

"MAXIMUM" and "LIMIT" indicate the maximum current possible when one watt

of light is incident on the duo-diode. "MAXIMUM" is simply defined by the

number of photons per sec. multiplied by the elementary charge, so the

photon-flux per watt is plotted here, assuming no reflection losses from

the surface and no recombination. "LIMIT" indicates the maximum number of

photon-flux per watt per sec. that is transmitted through the coating

including reflection losses. So, the differences in spectral response can

be deduced from figs.6.21, 6.22 and 6.23 by comparing the distances between

the curves "BLUE", "RED" or "TOTAL" , and the curve "LIMIT". This has been

done in fig.6.24, where the collection efficiency of the three versions is

plotted.

The collection efficiency is defined here as the ratio of the number

of collected hole-electron pairs and the of photon flux entering the

silicon of the duo-diodes. Except for the wavelengths around 400 nm, the

collection efficiency of version I is the worst of the three versions. In

the short-wavelength region this is probably caused by the lower implanted

dose of phosphorus, giving a higher series resistance and smaller enhancing
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fig.6.24 Comparison of the collection

efficiencies of the three versions.

electric field.

In the long-wavelength region there is no back surface field because

an Ar implantation was used for gettering the contaminants and also a

higher series resistance will have a share in the lower collection

efficiency.

Version III has the highest efficiency in both the short- and the

long-wavelength region. This can be explained by the lower series

resistance of the toplayer and the bulk respectively, due to the higher

background doping level. The efficiency of version II is best in the

wavelength region from 500 to 750 nm. This might be explained by the

greater width of the depletion region due to the lower background

concentration and the larger Lp.

The photo duo-diode with the highest bulkeoncentration (III) has a

rather flat spectral response and collection efficiency. This is favourable

for possible applications because no extra amplification has to be used for

any part of the spectrum.



The implanted duo-diode has two collecting junctions. This has

interesting applications, because two separate signals are available. E.g.

by carefully calibrating the spectral responses, it should be possible to

determine wavelength and intensity of a monochromatic light source, so a

simple spectrophotometer can be constructed.

6.4 Conclusions

It can be concluded that i t is possible to make a photodiode with an

enhanced blue- and UV-responsivity by using high energy ion implantation.

These photodiodes show a superior responsivity over commercially available

blue-/UV-sensitive photodiodes.

As the result of a high energy implantation, two collecting junctions

are formed, each having i t s own spectral responsivity. This can have

interesting applications e.g. as a simple spectrophotometer.

When other coatings would be applied, with a lower average

reflectance in the UV-range, the response of the implanted duo-diode in

that region can be improved.



References

[6.1] H.J. Hovel, Semiconductors and Semimetals, Vol.11: Solar Cells,

Academic Press, NY, 1975

[6.2] J. Lindmayer and J.F. Allison, COMSAT Techn. Rev., Vol.3, pi, 1973

[6.3] W. von Muench, C. Gessert and M.E. Koeniger, IEEE Trans. El. Dev.,

Vol.ED-23, P'203, 1976

[ 6 . 4 ] S.G. Chamberla in , US Pa ten t 4 ,107 ,722 ,1978

[ 6 . 5 ] H. Ouchi , T. Mukai, T. Kamei and M. Okamura, IEEE T r a n s . E l . Dev.,

Vol.ED-26, p1965, 1979

[ 6 . 6 ] R. Heze l , S o l i d - S t . E l e c t r o n . , Vo l .24 , p863, 1981

[ 6 . 7 ] T. S c h o l t e n , Report N° 1217.4740,

Twente U n i v e r s i t y of Technology, 1983

[ 6 . 8 ] A.S. Grove, Phys ics and Technology of Semiconductor Dev ices ,

Wiley, NY, 1976

[ 6 . 9 ] H.R. P h i l l i p , J . P h y s . Chem. S o l i d s , Vo l . 32 , pi 935, 1971

[ 6 . 1 0 ] D.A. An ton iades , S.E. Hansen and R.W. Dut ton , SUPREH I I - A Program

for IC Process Modeling and Simulation, Technical Report N° 5019-2

SEL 78-020, Stanford Electronics Laboratories, June 1978

[6.11] T. Scholten, Private Communication

150



APPENDIX

Derivation of the photocurrent for monochromatic light.

The photocurrents produced by the carriers generated by the incident

light can be determined for low level injection conditions by using the

minority carrier continuity equations for holes and electrons in n- and p-

type regions respectively:

O/q) d V d x " Gp + (Pn " Pn0
)/Tp " ° CAl3)

(1/q) dJn/dx + Gn - (n p- npQ)/Tn - 0 (A1b)

Where Jp and Jn are the minority hole and electron currents defined by:

Jp - -qDpdpn/dx * q,pPnE (A2a)

Jn = qDndnp/dx • qunnpE (A2b)

Tp and xn are the minority carrier lifetimes in n-type and p-type

semiconductors, and Pn~Pno a n d np~npo a r e t n e excess minority

carriers, in a very good approximation equal to pn and np respectively.

Dp and Dn are the diffusion constants of minority carriers and up and

un are the mobilities of the minority carriers. Gp and Gn are the

generation rates of carriers due to the incoming flux. According to

eq.(6.1) the photon flux density with certain wavelength A at depth x from

the surface is defined by:

NU,x) = N(A,O) exp[-a(A)x] (A3)

The number of photons absorbed per unit volume at that depth x equals the

generation rate G(A,x):

G(A,x) = -dN(A,x)/dx= a( A )N( A ,0 )exp[-a( A )x] (At)

We consider the situation of fig.AI, where y and z are two boundaries, i.e.

surface or depletion layer edge. Furthermore the electric field is assumed

constant, thus assuming exponential doping profiles.
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N C.I)

fig.Al Situation of two boundaries in a semiaonductov body.

When the area in fig.Al is an n-type semiconductor, equations CAla),

(A2a), and (AH) should be combined to yield the continuity equation in

steady state:

exp[-ax]u E dp/dx - D d2p/(dx)2 + (Pn-Pno^

Solution of the homogeneous equation yields:

Pn(x) = A exp[(a+b)x] + B exp[(a-b)x]

The gene-al solution of (A5) is given by:

p (x) = A exp[(a+b)x] + B exp[(a-b)x] + K exp(-ax)11 v p P

a and b are defined on the analogy of [6.1]

a " E
P P

- (a

(A5)

U6)

(A7)

( A 9 )

(A10)

The constants A and B follow from the boundary conditions of the area

considered. If y is the surface of the semiconductor body and z is a

separating junction, then the boundary conditions are:

Pn(x) - 0 [x-z] (A11)

y P E - D dp /dx > -S p [x-y] (A12)

These equations tell us that there is no excess of minority carriers at the
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junction (eq.(A11)) and the minority carrier concentration at the surface

is determined by surface recombination (eq.(A12)). In the latter equation

Sp is the surface recombination velocity. The constants Ap and Bp

appear to be:

-K exp[-(a+-b+a)z] |(a + b+S /D )exp[b(z-y)]
n. =
p 2b cosh[b(z-y) + 2(a+S /D )sinh [b(z-y)]

(a+2a+S /D )exp[(a+a) (z-y) ] j

2b cosh[b(z-y)] + 2(a+S /D )sinh [b(z-y) ]

K {(a-b+S /D )exp[by-(a+a)z] - (a+2a+S /D )exp[bz-(a+a)y]I

B = -E E E E E
p 2b cosh[b(z-y)] + 2(a+S /D )sinh [b(z-y) ]

In the case the situation of fig. A1 describes a p-type semiconductor, a

combination of eqns (Aib), (A2b) and (A5) yields:

D d2n /(dx)2 + u E dn /dx + aNe~ax - (n - n )/T = 0 (A15)
n p n p p po n

with the solution:

np(x) - Ane-
(g"h)x * Bne-

(g+h)x * y T " * (A16)

here: g = E n n = UnE/2Dn CA17)

1/Dptp) = •(£»„* 1/Ln)*- 1/Lnn (A18)

When the current flows in the same direction as in the previous case, the

boundary conditions become:

n (x) - 0 [x=z] CA20)

W d x + V P
E = " V P

 [x=y] (A21)

The constants An and Bn then appear to be:
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-KnexpL(g-h-a)z] | (h-g-Sn/Dn)exp[b(z-y)]J

2h cosh[h(z-y)] - -y)]

(a-2g-Sn/Dn)exp[(a-g)(z-y)]}

2h cosh[h(z-y)] - 2(g+Sn/Dn)sinh[h(z-y)]
(A22)

B
-a) + hz] - (g+h+Sn/Dn)exp[(g-a)z + hy]}

2h ..-osh[h(z-y)] - 2(g+S /D )sinh[h(z-y) ]
(A23)

These equations are valid for any y and z and for all wavelengths. In case

no electric field is present, a and g become zero and b and h reduce to

Lp~' and Ln~l respectively. In that case a special situation occurs

when aL = 1, since eqns (A10) and (A19) reduce to:

K.= oN./D. [1 - a7 L?] (A24)

The solutions in that special case for holes and electrons are

p (x) = A exp(ax) + (B + NX/2D )exp(-ax)

with:

n (x) - A exp(ax) + (B + Nx/2D )exp(-ax)

» ., (S + aD )(y-z)exp[-a(y+z)J - D exp[-a(y+z)]
A = J L { P p E }

P 4D aD cosh [a(z-y)] + S sinh [a(z-y)J

2D

(S + aD )(y-z)exp[a(z-y)] - D exp[a(z-y)J

2(aD cosh[a(z-y)] + S sinh[a(z-y>]}

(A25)

(A26)

(A27)

(A28)

An* and Bn* can be found from eqns (A27) and (A28) by substituting Sp

and Dp by Sn and Dn.

We have now solved the continuity equations for minority carriers for low

level injection under the assumption of constant electric fields. The total

currents for holes and electrons generated in the neutral regions can be

determined by substituting eq.(A7) and (A16) into (A2a) and (A2b)

respectively:
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J = qA D (a-b)exp[(a+b)x] + qB D (a+b)exp[(a-b)x]

+ qK D (2a+a)exp(ax)

= qAnDn(g+h)exp[-(g-h)x]

+ qKnDn(2g-a)exp(-ax)

(A29)

CA30)

Some photocurrent will also be generated in the depletion region. We

consider the electric field in this region so high that the photogenerated

carriers will be accelerated out of that region before recombination can

take place. The generated current therefore w*ll be equal to the number of

photons absorbed multiplied by the unity charge:

J = qN exp[-az] (1 - exp[-aw]) (A3D

Where z is the junction and w is the width of the depletion layer extending

only in the lowest doped region. In the case of ion implantation it is not

sufficient to use a single electric field in a one-type layer, because of

the shape of a doping profile (see fig. A2).

1MEV B0RGN PROFILE
\ — - a
\ p

cuB
DEPTH IN HICH0N

fig.A2 Profile of a 1 MeV boron implantation ae simulated with SVPREM.
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From this figure it is clear that within the implanted p-type layer two

different electric fields are present. The electric field can be calculated

considering equilibrium:

since

we get

0 - q ,p

E = B — — N(x)
u N(x) dx

d_

dx PP
(A2b)

(A32)

(A33)

where N(x) is the impurity concentration.

Ir order to be able to solve the continuity equations under the assumption

of constant electric fields, the impurity concentration will be

approximated by an exponential description (fig. A3).

N

fig.A3 Exponential approximation of an implanted layer.

II: N(x) - N, i£ x £ x3 (A35)

So the electric fields in region I and II become, using eq.(A33):

(A36)

tTT-' u2im—i (A37)
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Let us now consider the situation of fig.Ai, which is essentially fig.AI

extended with an extra boundary separating two areas with different

electric fields, diffusivities and diffusion lengths. In both areas the

continuity equation can be solved having the same solution as in eq.(Ai6)

fig.A4 Situation of two boundaries in a eemiaonduotov body.

In between an imaginary plane separating two areas with

different characteristics.

I* n (x) = A e °l " i " + g e " 6 r " i ' * + % e (A38)

II: n2(x)= A 2e~
( g z~ h 2 ) x + B 2e~

( g 2 + h 2 ) x + K2e~
ax (A39)

,. g2. h1P h2, k, and K2 are defined on the analogy of (A17) - (A19):

g,= ^,£^20, g2= U2E2/2D2 (A<JO)

hi- A&\ + T/LfJ h2= /(g| + 1/L|) (A41)

- (a-g1)
2]D1 K2= aN/(h

2 - (a-g2)
2)D2

The constants A,, B,, A2 and B2 are defined by the kind of situation

considered. The boundary conditions are: (i stands for 1 or 2)

I: n.(x) - 0

II: \x ,E ,n.= -S.n.

at a depletion layer edge (A13)

at a surface (AM1*)

III: D,dn,/dx + Ui

IV: n,(R) - n2(R)

[x=R] (AH5)

(A16)
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From these boundary conditions three different situations can arise:

a) Both y and z are depletion layer edges

b) Both y and z are a surface

c) y is a surface and z a depletion layer edge (or reversed)

We will start with the most probable situation (if we look at fig. A2).

a) n,(y) = 0 n2(z) = 0

In order to diminish the complexity of the formulae, will be split

IV: n,(R) * n

Now A , , A 2 , B, and B2 c an be s o l v e d .

n , ( R ) = n n

K i ( e x p C ( g , - a ) y - h t R ] - e x p [ ( g t - q)R - h , y ] }

2 s i n h [ h , ( R - y ) ]

• n e x p [ g , R - h . y ]
n - A * n «

B,
K 1 { e x p [ h , y + ( g , - a ) R ] - e x p [ h , R * ( g t - q ) y ] j

2 s i n h [ h , ( R - y ) ]

exp[hty + g,R] _- n B i o
2 sinh[h,(R-y)]

(AU8)

A2 =
- q)R - h2z] - exp[(g2- q)z -

2 sinh[h,(z-R)]

exp[g2R - h2z]

2 sinh[h2(z-R)]

K2{exp[h2R + ( g t - q ) z ] - exp[h 2 z • ( g a - a ) R ] |

2 s i n h [ h 2 ( z - R ) ]

exp[g2R + h2z]

2 sinh[h2(z-R)]
B20 + n B20 + n B21
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The c o n s t a n t n_ can now be so lved from eq.(A^M)
R

P * n R - A 2 0 D 2 ( g 2 + h 2 ) e x p [ - ( g 2 - h 2 ) R ] + B 2 0 D 2 ( g 2 - h 2 )

x e x p [ - ( g 2 + h 2 ) R ] - A , 0 D , ( g i + h , ) e x p [ - ( g i - h , ) R ]

- B 1 0 D , ( g , - h , ) e x p [ - ( g , + h , ) R ] - K , D , ( 2 g , - a ) e x p ( - a R )

+ K2D2(2g2- a)exp(-aR) (A51 )

where P i s

P = A n D i ( g , + h , ) e x p [ - ( g , - h , ) R ] + B n D , ( g r h , ) e x p [ - ( g , + h , ) R ]

- A2lD2(g2+ h2)exp[-(g2- h2)R] - B2lD2(g2- h2)exp[-(g2 + h2)R]

(A52)

b) Both boundaries are a surface:

D,dn,/dx + y!Ejn, - S1n1 [x=y]

D2dn2/dx + y2E2n2 = S2n2 [x=z]

Where A,, A2, Bj and B2 become:

A = K i i [ s i + ( 2 6 ' ~ a ) D 1 ] e x p [ ( g 1 - a )y - h , R ] - [ S , * D.Cg.- h t ) ]

2(S,+ D.gjJs inhChjCR-y)] - 2h1D1oosh [h i (R-y) ]

e x p [ ( g i ~ a)R - h t y ] } + nfjCS,* D ^ g ^ h 1 ) ] e x p [ g , R - h t y ]

2(Sj+ D , g i ) s i n h [ h , ( R - y ) ] - 2h1DiCOSh [h, (R-y ) ]

= A10 + n R A, , (A53)nR

K J E S , - ! - D ^ g ^ h , ) ] e x p [ ( g | - a)R + h , y ] - [ S ^ ( 2 g t - a )D 1 ]

2(S,+ D , g , ) s i n h [ h , ( R - y ) ] - 2h ,D 1 cosh [h , (R-y ) ]

e x p [ ( g t - a )y + h t R ] } - nB[Si<- D ^ g ! *

2(S,+ D,g, ) s i n h [ h , ( R - y ) ] - 2hjD1cosh [ h j ( R - y ) ]

- B l o + n R B n (A51)

. K 2 j [S 2+ ( g 2 - h 2 ) D 2 ] e x p [ ( g 2 - a)R - h . z ] - [S 2 t ( 2 g 2 - q ) D 2 ]tt2 -
2(S2+ D 2 g 2 ) s i n h [ h 2 ( z - R ) ] + 2h2D2cosh [ h 2 ( z - R ) ]
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exp[(g2- a)z - h2R]} + nf;[D2(h2-g2) - S2]exp[g2R •• h 2z]

2(S2 + D2g2)sinh[h2(z-R)] • 2h2D2cosh[h2(z-R) ]

(A55)

B „ K2j[Sa + (2g2- a)D2]exp[(g2- a)z + h2R] - [S2 + (g2 + h2)D2]

2(S2+ D2g2)sinh[h2(z-R)] + 2h2D2cosh[h2(z-R) ]

» exp[(g2- a)z • h 2 R] | * nR[S2 + (g2 + h2)D2]exp[g2R • h2z]

2(S2+ Djg2)sinh[h2(z-R)] + 2h2D2cosh[h2(z-R)]

B20 nRB21 (A56)nR

The constant n^ is given by eqns.(A51) and (A52) with Alo, A21, Bl0, B,,,

A20. A21. B20 and Ba, as defined by eqns.(A53), (A54), (A55) and (A56).

c) y is a surface and z a depletion layer edge

D,dn,/dx + UjEjnj = S,n, [x=y]

(A57)

n2(z) =0

The solution now can be determined by combining, eqns.(A53), (A51), (A19)

and (A50) as Alt B,, Ax and B2 respectively. Again n^ is defined by

(A51 ) and (A52) where A,o and A M are defined by (A53), Bl0 and B u by

(A5t), A20 and A2l by (AU9) and B20 and B21 by (A50).

In the case the layer is an n-type layer with holes as the minority

carriers, the equations hold their validity by substituting gj by a^,

and hi by bi in eqns.CA^O), (A41 ) and (A12) and Et and Sj in (A13)

by -Ei and Sj. So the hole current will flow in the same direction as

the electro., current will do. The hole or electron currents can be found by

using eqns.(A38) and (A39) (or the translated expressions for the hole

concentrations) with the appropriate Aj and B^ from eqns.CA^?) - (A50)

substituted in (A2b) or (A2a) respectively.

Once the expressions for the currents are known, the collection efficiency

can be calculated from:

J U) + J U) + J U)
E 2 «L (A58)

qN(X,0)(1 - exp[-a(X)d])
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where n(A) is the collection efficiency and d the thickness of the device.

Note that in these calculations no reflectance of photons from the surface

is considered.
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Samenvatting

In 1981 verwierf de vakgroep IC technologie en Eleotronica met middelen van

de stichting FOM een ionen implantatiemachine met een versnelspanning van

500 kV. Deze versnelspanning is belangrijk hoger dan die van

produktiemachines (ca. 200 kV). Door gebruik te maken van dubbel- en

drievoudig geladen ionen kan het energie bereik van de machine nog vergroot

worden.

Op deze manier kunnen ionen relatief diep in het halfgeleider kristal

silicium geïmplanteerd worden, zodat zich interessante perspectieven openen

voor het maken van (geïntegreerde) schakelingen.

In dit proefschrift wordt een aantal fundamentele kanten van het

gebruik van hoge energie ionen implantatie onderzocht. Voordat deze

techniek toegepast kan worden is het noodzakelijk te weten hoe de

geïmplanteerde verdelingen eruit zullen zien en of de door deze hoge

energieën veroorzaakte beschadigingen aan het silicium kristal met de

gebruikelijke temperatuur behandelingen weer ongedaan gemaakt kunnen

worden.

Deze onderwerpen zijn op verschillende manieren onderzocht. Daartoe

is voor sommige onderdelen samenwerking aangegaan met andere

onderzoeksinstituten, met name de Universiteit van Western Ontario in

Canada, TNO Apeldoorn, het Laboratorium voor Algemene Natuurkunde van de RU

Groningen en de vakgroep Electronische Materiaalkunde van de TH Eindhoven.

Tot slot wordt een toepassing van een hoge energie implantatie

beschreven: de fabricage van en metingen aan een photodiode met een

verhoogde blauwgevoeligheid.

De beschreven resultaten leiden alle tot de conclusie dat hoge

energie ionen implantatie zeer goed toepasbaar is in de halfgeleider

technologie.

163



Summary

In this thesis the results of fundamental research on high energy ion

implantation in silicon are presented and discussed. The implantations have

been carried out with the 500 kV HVEE ion implantation machine, that was

aquired in 1981 by the IC technology and Electronics group at Twente

University of Technology.

The use of doubly charged boron ions and triply charged phosphorus

ions allowed an extension of the energy range of this machine.

The impurity distributions of boron implantations from 100 keV to

1 MeV and of phosphorus implantations from 100 keV to 1.5 MeV have been

determined by SIMS, CV and NRA measurements. These distributions have been

fitted with a Pearson IV distribution which has resulted in four moments

that describe the implanted impurity profiles analytically. These moments

are compared with tabulated data of theoretical studies.

The projected ranges found agree with these tabulated data. The

projected range standard deviations however are larger than the theoretical

values. The energy dependence of the kurtosis shows the same trend as

estimated values of Gibbons et.al. The experimental values of this

parameter for boron are higher and for phosphorus are iower than the

tabulated values.

The damage and anneal behaviour of 1 MeV boron implantations to a

dose of 10'Vcm2 have been investigated as a function of anneal temperature

by sheet resistance, Hall and noise measurements.

From the sheet resistance measurements it appears that after an

anneal treatment for one hour at a certain temperature a saturation value

of the resistance is reached that decreases with increasing temperature up

to 700°C.

Annealing for approximately one hour at 750°C gives complete

activation of the implanted impurities. For higher temperatures complete

activation is reached within 5 minutes of annealing.

For anneal temperatures of 700°C and higher the number of carriers

equals the implanted dose.



From Hall measurements it appears that lattice damage is removed

after annealing at 600°C. This observation is confirmed by noise

measurements on similar samples, and by channeling measurements on a sample

implanted with a dose of 10'Vcm2 at 1 MeV.

The noise measurements furthermore show that the 1/f noise parameter

a has a temperature dependence proportional to exp(AE/kTan) with

AE-1.1 eV.

Channeling measurements show that dechanneling occurs which is caused

by dislocations that are present in the implanted samples that have been

annealed at 750°C and higher. The amount of dechanneling increases with

temperature up to 900°C.

Channeling and NRA measurements on samples that have been annealed at

900°C and 1000°C show that the damage distribution and the impurity

distribution coincide within experimental error. This leads to the

conclusion that dechanneling is caused by misfit dislocations that are

present to lower the strain in the region of high boron concentration. This

conclusion is strengthened by the observation that both distributions

broaden at a higher temperature (1000°C), where outdiffusion of the boron

distribution takes place. At this high temperature the amount of

dechanneling decreases.

In the last chapter of this thesis one application of high energy ion

implantation is treated. The fabrication of and the measurements on a photo

diode with enhanced blue sensitivity are described. High energy ion

implantation is well suited for this purpose because the toplayer is hardly

damaged and keeps its low impurity concentration. This results in a high

diffusion length in the toplayer. The blue and UV sensitivity of this cell

is higher than that of commercially available blue an UV sensitive cells in

the wavelength range of 350 to 600 nm.

Another advantage resulting from the use of high energy ion

implantation is the formation of two separating junctions, each having its

own spectral response. The topjunction is mainly sensitive in the short

wavelength part of the light spectrum while the lower junction is mainly

sensitive in the long wavelength part of that spectrum.
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