


ABSTRACT

Paul D. Pester Thesis submitted for the D. Phil. degree
Brasenose College Trinity Term 1988

OPTICAL BEAM INDUCED PHENOMENA IN SEMICONDUCTORS

This thesis is concerned with the interaction of a finely focussed light beam and a
semiconductor. The object of the work is to develop a consistent theory which explains
the formation of both the optical beam induced current and photoluminescence signals
with a view to using these techniques to characterize semiconductor materials.

Here we extend previous theories by considering a light beam which is focussed
through a lens of finite numerical aperture. Expressions are derived which give the
distribution of excess minority carriers injected into a semi-infinite semiconductor by
the focussed light beam. The injected minority carrier distribution is then used to
predict the imaging properties of the optical beam induced current and photolumi-
nescence techniques when used to image electrically active defects in semiconductors.
High resolution scanning photoluminescence images of indium phosphide are presented
showing a resolution which is in good agreement with theory.

The form of both the steady state and time dependent optical beam induced current
in Schottky barrier diodes, planar junction diodes and devices where the p-n junction
is perpendicular to the semiconductor surface is derived. Various methods are sug-
gested for measuring the minority carrier diffusion length and lifetime. An extension
to previous analyses is given by considering the effect of scanning the light beam, at
some arbitrary velocity, on the form of the optical beam induced current collected by
a p-n junction either parrallel or perpendicular to the semiconductor surface. It is also
shown how the scan speed can effect the imaging of electrically active defects producing
a contrast function which is asymmetric and reduced in magnitude.

An analysis of the photoluminescence 51gnal generated from a semi-infinite semi-
conductor by a finely focussed light beam is given. Various methods based on the
photoluminescence technique are suggested for measuring the minority carrier lifetime.
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CHAPTER 1:
INTRODUCTION

Since the invention of the transistor by Bardeen and Brattain in 1948 [1,2,3] when in-
terest in semiconductor physics increased dramatically various methods for have been
proposed for the characterization of semiconductor materials. The vast majority of
these methods are ones where current carriers are added at one location and the re-
sulting added carrier concentration or low density determined at another. Initially the
excess carriers were injected by passing a small current through a metalic point probe
which was in contact with the semiconductor surface [4,5], with another probe being
used to measure the resulting induced minority carrier distribution [6] as a function of

position.

In 1950 Goucher [7| showed that light could provide a convenient means of carrier
injection since electron hole pairs are produced with a quantum efliciency close to
unity over a large range of excitation wavelengths. Using light to excite excess carriers
in samples, where there existed a large applied electric field and hence drift current,
enabled the minority carrier diffusion length to be found by measurement of the change
in the drift current due to the photo-injected carriers. This change in the drift current
has been measured via the steady state photovoltage of a point contact [8] and the
drift photocurrent through a p-n juction [9]. There are various attractions to using
light instead of the point probe to inject the excess carriers, one of the main ones being
that it is fairly easy to ensure the concentration of carriers injection is low compared
to the background doping which in turn means that, when the drift current dominates
over the diffusion current, simple proportionalities apply between the injected minority
carrier distribution and the measured photovoltage or photocurrent [4,6]. It is also easy
to vary the depth at which the majority of the excess carriers are generated by simply
varing the wavelength of the light and so either bulk [10] or surface effects [9] may be
investigated and, of course, all these methods benefit from the nondestructive nature

of the light probe.

With the advent of the Scanning Electron Microscope (SEM) there was great interest in
using the primary electron beam to excite excess current carriers in a semiconducting

sample and hence measure material parameters [11,12] by a study of the Electron
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Beam Induced Current (EBIC) signal. In this technique excess carriers are excited in
the sample, usually when there is no applied electric field, and diffuse and recombine
until they are separated by a rectifying contact to constitute a current. The great
attraction of using the primary electron beam to inject carriers lies in the high spatial
resolution that is obtainable since, at high beam energies, the position of the beam is
very well defined which in turn means that the point of carrier injection is well known.
This allows different imaging modes to be developed since, for instance, if the EBIC
signal is measured and used to modulate the brightness of a monitor, which is scanning
in synchronism with the electron beam, an image of the current induced as the beam
scans over the surface of the device may be formed [11]. It is also possible to image
electrically active defects near the surface of a sample since, in the region of the defect
where the minority carrier recombination rate increases, the induced current decreases
which leads to a fall in the EBIC signal which in turn is visualised as a dark region on
the monitor. Another method by which it is possible to investigate electrically active
defects is by observing the radiation emitted when a carrier, which has been excited by
the primary electron beam, recombines via a radiative recombination. The emmited
radiation is termed cathodoluminescence (CL) [13] and, just as in the EBIC case, it is
possible to modulate the brightness of a monitor to form a cathodoluminescence image
of the sample, this technique has the advantage that no contacts have to be made to
the sample and so semiconductor wafers may be examined prior to processing.

However, there are severe drawbacks associated with these electron beam based meth-
ods. The main problem is two fold in nature; firstly, when the primary electron beam
enters the semiconductor the primary electrons undergo high energy collisions with
the constituent atoms and it has been shown, by both experiment 14,15 and Monte
Carlo simulations [15,16], that, as a result, the probe tends to spread out under the
surface into a rather pair shaped region which is difficult to represent analytically [17]
and leads to a decrease in the maximum resolution obtainable in the beam induced
carrier methods, since the position of the subsurface probe is not well known. Secondly
problems arise from the charged nature of the probe since it is possible for primary
electrons to become trapped in nonconducting surface layers causing the formation of
surface states, which in turn modify the electrical properties of the device under test
and can also cause distortion of the SEM image. Other problems associated with the
electron beam method stem from the need for a vacuum system since, in the region of
local heating were the beam impinges on the sample surface, it is possible for organic
vapours which are always present in the vacuum systems to be absorped by the semi-

conducting sample and again cause permanent damage. For these reasons the electron
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beam testing system, as applied to semiconductor examination, cannot be thought of
as being truly nondestructive.

A solution to the problems caused by the electron beam in the EBIC and CL techniques
is to replace the beam of electrons with its optical analogue, that is the photon beam
of a laser, and use a Scanning Optical Microscope (SOM) [18] to return to the case
where light is used to excite the excess carriers. It is then possible to obtain the optical
equivalent of the EBIC and CL signals, that is, Optical Beam Induced Current (OBIC)
[19] and Photoluminescence (PL) [20,21] images of semiconducting samples. The use of
the SOM has the advantages of the SEM in that it is a high resolution system capable
of injecting carriers at well defined positions and, as such, is able to image electrically
active defects with both the OBIC and PL techniques, although it suffers from none of
the disadvantages since the laser beam can be of low intensity and so nondestructive
in nature [22].

Figure (1.1) shows a comparison of OBIC and EBIC images of defects in a silicon
bipolar transitor [22|. It is clear from Figure (1.1) that the resolution and contrast
obtained in the two techniques is similar although there are some extra horizontal lines
present in the OBIC image. This is because the EBIC image was obained first and
in the process the electron beam was scanned across the device in a line scan to take
contrast measurements which lead to the electron beam damage as seen in the OBIC
image.

Even though the EBIC and OBIC images are similar the physical mechanism by which
each image is formed is very different. There are also fundamental differences in using
the SOM to examine semiconductors in the OBIC and PL techniques and using light
to excite carries as in the early experiments of the 1950’s [7,8,9,10]. These differences
arise since, in the SOM, a monochromatic light beam (usually from a laser) is focussed
through a high numerical aperture lens onto the surface of the sample and, as such,
the light distribution inside the semiconductor [23], which leads to the excess carrier
distribution, is very different from that when there is no focussing present, as was the
situation in the early experiments, or from the case when an electron beam provides
the excitation. Also, in the experiments of the 1950’s, rods or simple slabs of semicon-
ducting material were used with a high applied electric field such that the drift current
dominated over the diffusion term and the theoretical models [8,9,10], which were for-
mulated to explain the results obtained from these experiments, essentially considered
the samples to be infinite in extent and assumed that the generation took place at one
point only in the bulk. This implies the collected photocurrent and photoluminescence
signals will differ considerably from that predicted by the early theories.
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Figure 1.1. A comparison of EBIC (top) and OBIC (bottom) images of a silicon
bipolar transistor. Electrically active defects can be clearly seen as the dark lines on
both images, and it is clear that the resolution and contrast for both techniques is

similar [reproduced from reference 22].
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For this reason, and owing to the increased use of scanning optical microscopes in the
OBIC and PL modes to characterize semiconductor devices, it has become neccesary
to have a new model which accurately describes the formation of the beam induced
current and photoluminescence images of semiconducting samples due to a monochro-
matic light beam focussed on the sample surface. This thesis attempts to explain the
formation of optical beam induced current and photoluminescence signals by modelling
the interaction of the finely focussed light beam with various semiconductor geometries
and devices. All the cases treated are where the diffusion current dominates over the
drift current, since it is assumed that any electric fields that are applied to the device
are confined to the regions of the p-n junctions. We start, in Chapter 2, by applying
the SOM to semiconductor device examination and characterization and demonstrate
the various forms of imaging that are possible, this Chapter provides the motivation
for the rest of the thesis which is dedicated to explaining the various imaging modes in
a mathematically consistent form. In Chapter 3 a model is presented which predicts
the form the excess minority carrier distribution generated in a semi-infinite semi-
conductor due to a highly convergent light beam focussed on the sample surface and
demonstrates how, once the minority carrier distribution is known, it is possible to
predict the imaging properties when electrically active defects are imaged in the OBIC
and PL examination techniques. The formation of beam induced currents is considered
in Chapters 4 and 5. In Chapter 4 it is assumed that the generation rate of electron
hole pairs due to the light beam is a constant in time and, as such, only the steady state
case is analysed resulting in various methods being suggested for the measurement of
the minority carrier diffusion length. Chapter 5 then deals with the formation of beam
induced currents due to a time varying focussed light beam and includes suggestions
for the measurement of the minority carrier lifetime, as well as a time dependent theory
for optical beam induced current defect imaging.

Since this thesis is concerned with scanning microscopy we consider, in Chapter 6,
what effect moving the exciting beam can have on the form of the induced minority
carrier distribution and hence the beam induced current for various device geometries.
It is then shown, also in Chapter 6, how the contrast obtained as an electrically ac-
tive defect is imaged in the OBIC technique can be effected by the scan speed. The
photoluminescence signal generated from a semi-infinite semiconductor due to a time
varying focussed light beam is considered in Chapter 7, where methods are suggested for
measuring the minority carrier lifetime in unprocessed semiconductor wafers. Finally,
Chapter 8 presents an overview of the general results of the work and the conclusions

as well as suggestions for future work on the subject.



CHAPTER 2:

SCANNING OPTICAL MICROSCOPY
OF SEMICONDUCTORS

An extremely versitile and useful laboratory tool is the conventional microscope which
is essentially a parallel processing system where the whole object is imaged simultane-
ously. However it is possible to increase the versitility of the conventional microscope
still futher by relaxing the parallel processing criteria to the limit where only one point
of the object is imaged at a time. Clearly in order to build up an image of the whole
object we now have to scan the object relative to the illumination system to build a
point-by-point image of the sample [1].

A schematic representation of a typical scanning optical microscope, working in reflec-
tion, is given in Figure (2.1) where it is shown how both the reflected light and OBIC
images can be obtained, it should be noted here that it is, of course, also possible to
operate the system in transmission. The main features shown, which are common to
all scanning optical microscopes, are a light source focussed onto the sample surface
via an objective lens, an x-y scanning system which scans the sample with respect to
the stationary light beam and a photosensitive detector, such as a photodiode, which
is used to convert the optical signal into an electronic one such that various forms of
image processing may be performed by use of a computer.t Using a scanning system
of this kind, where the beam is stationary and the object scanned, it is possible to
produce high quality reflected light images such as the one shown in Figure (2.2). Here
we are imaging the surface a D-MOS device using red light from a HeNe laser. A low
magnification image is shown to illustrate that there is no loss of resolution or contrast

across the image field due to the mechnical scanning.

As well as producing simple reflected light images, such as the one shown in Figure
(2.2), we can also use the confocal mode [1] of the SOM to produce optical sectioning
and improved resolution images. The confocal system is identical to the system shown
in Figure (2.1) except that it employs an axial point detector, in the form of a pinhole

placed in front of a large area detector, such that light is only collected from a very

It should be noted that it is also possible to build a scanning optical microscope where the beam is scanned
relative to a stationary object, however specimen scanning is used here since the optics are simpler and the
image quality is, in general, superior [1].
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small region of the object. The origin of the depth discrimination in the confocal
system is shown in Figure (2.3) where it is clear that only light from the focal plane is
admitted through the pinhole and hence forms an image in the dector plane. With a
confocal system of this kind it is possible to build-up an isometric surface plot of an
object by takihg images at a series of focus positions and summing them electronically.
An isometric image of the D-MOS device, shown in reflection in Figure (2.2), was
produced in this way and is shown in Figure (2.4).

If we specialize to the case when the object is a semiconductor we can, as well as using
a photodiode to build an image using the reflected or transmitted light, use the Optical
Beam Induced Current (OBIC) technique. Here we essentially use the object itself as
a detector to build an image of the current induced by the scanning light beam in the
sample [2]. As an example of this technique we consider the high voltage power diode
a schematic cross-section of which is shown in Figure (2.5). The structure is essentially
a simple p-n junction but with the addition of some p-type guard rings diffused around
the central p-well. The purpose of these rings is to increase the break down voltage
by preventing the depletion layer from spreading along the surface. Using the OBIC
technique it is possible to “image” the depletion region spreading as a reverse bias is
applied to the device and, in Figure (2.6), we show a series of OBIC line scans across
the device together with a series of combinations of reflected light and OBIC images.

The OBIC line scans are shown on the left hand side of Figure (2.6) starting from zero
bias where the depletion region between the p-well and n-substrate is visible as the
peak in the OBIC signal. As the reverse bias is increased it is clear that the depietion
region spreads until, at a value of one hundred volts, the first p-ring is engulfed, as
the reverse bias is increased further other rings become visible in the OBIC mode until
eventually all the rings are included.

The OBIC imaging shown in Figure (2.6) is faily low magnification since the object is
a large power diode, however it is also possible to produce high magnification OBIC
images of defects in semiconductors. Figure (2.7) shows a typical high resolution OBIC
image of a BFY 51 silicon bipolar transistor where dislocations are clearly visible as
the dark lines.

From Figures (2.6) and (2.7) it is clear that the OBIC method is very useful for in-
vestigating current flow in semiconductor devices, however the technique is limited by
the need for external contacts to be made to the sample to measure the current. This
means that it is difficult to investigate the properties of unprocessed wafers where no
contacts are present.

It is possible to produce temporary contacts by use of either a liquid electrolyte [3]
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Figure 2.7. A high resolution OBIC image of a silicon bipolar transistor showing
dislocations [Supplied by Dr. D. K. Hamilton].

(as discussed further in Chapters 4 and 5) or a metal grid placed in contact with the
surface, or to use another noncontact method such as a capacitive detection system
[4] where a plate is placed close to the sample surface and the capacitance of the
system measured as the exciting beam scans the device. However, one simpler method
is the photoluminescence technique [5,6] as described in the introduction of Chapter
1. The only drawback here is that a radiative transition is required such that the
photoluminescence signal can be produced. Assuming such a transition is present it is
possible to produce high resolution images of the electrical properties of the sample by
collecting the photoluminescence in either reflection or transmition. Figure (2.8) shows
a pair of photoluminescence images of InP obtained by using a red HeNe laser (A =
0.632um) to provide the excitation. The photoluminescence signal was of wavelength
A ~ 0.9um and the images where obtained in transmission, using suitable filters to
block the exciting wavelength, at room temperature using a silicon detector. Figure

(2.8a) is a low magnification image and Figure (2.8b) is a higher magnification image
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of the same part of the specimen. The dark and light bands that are clearly visible in
Figure (2.8a) are due to doping variations in the InP sample giving rise to differences
in the photoluminescence efficency, and the dark spots that can be seen in both Figures
(2.8a) and (2.8b) are dislocations penetrating into the sample. From Figures (2.7) and
(2.8) it is clear that the resolution obtainable in both the OBIC and PL techniques
are comparable, which is interesting since in one case (OBIC) we measure an induced
current and in the other we are simply measuring an emitted light intensity.

It is clear from the qualitative description given of OBIC and PL so far in this Chapter
that both techniques can be extremely useful for investigating the electrical properties
of semiconductors. However, in order to exploit the techniques to the full we would also
like to be able to use them for quantitative investigations of the electrical properties.
Clearly to do this we require a good physical model which explains the formation of
OBIC and PL images such as those shown in Figures (2.7) and (2.8). Therefore in the
following Chapters both the formation of the OBIC and PL signals is considered and
it is shown how the SOM may be used not only as a qualitative tool but also to extract

measurements of semiconductor material parameters.






CHAPTER 3:

INJECTED MINORITY
CARRIER DISTRIBUTION

3.0 Introductioh

In order to extract meaningful results from data produced in beam induced current
investigations of semiconductors it is clearly necessary to have a good physical model
for the generation of the excess carriers by the beam, since it is these excess carriers
that constitute the current and are ultimately responsible for the resolution in defect
imaging applications. Most early analyses [1,2] assumed that the generation of the
excess carriers took place at one point either on, or just below, the surface of the
semiconductor. Van Roosbroeck gave an analysis deriving the continuity equation [3]
for the excess carriers injected into the semiconductor, and later the Green’s function
[4] for the semi-infinite media case, which agreed with the earlier work by Bryan [5]
on the equivalent heat conduction problem. However, once the Green’s function is
known there still remains the problem of representing the source term which, for beam
induced carrier problems, is proportional to the incident beam intensity within the
semiconductor. For the case of an electron beam this is difficult to model since the
primary electron beam tends to spread out under the surface of the semiconductor
into a rather pear shaped region [6]. For this reason the generation function is usually
approximated by a sphere at some depth into the semiconductor (7], the depth of the

centre of the sphere representing the penetration depth of the primary electron beam:.

In the optical case the generation function is somewhat easier to approximate as either;
simply a point on the surface [8,9], corresponding to strong absorption, an array of
point sources decaying exponentially into the semiconductor [10,11,12], representing
a narrow beam, or, to try and take account of the incident beam width, a Gaussian
lateral profile is sometimes introduced and used in conjuction with an exponentially
decaying axial term [13]. However, even the decaying Gaussian generation function is
only an approximation to the true light intensity {14] within the semiconductor due to
light focussed onto the surface via a high numerical objective lens, as is the case in the

scanning optical microscope.

In this Chapter the steady state minority carrier distribution injected into a semi-
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infinite semiconductor by a highly convergent focussed light beam is calculated. The
method of calculation exploits the radial symmetry of the problem by introducing the
Hankel transform with respect to the radial coordinate, and uses the associated convo-
lution theorem to give an expression for the transform of the generation function. The
minority carrier distribution is calculated for various values of objective lens numerical
aperture and the effects of surface recombination velocity and minority carrier diffusion
length are also studied. As an example of a use for the minority carrier distribution ap-
plications to the OBIC mode of the scanning optical microscope are considered where
the imaging of electrically active defects is modelled showing how the resolution of
the technique depends on, amongst other things, the numerical aperture of the ob-
jective lens. Photoluminescence studies of a defect in a semi-infinite semiconductor
are also considered as an example and again it is shown how the resolution of the
technique depends explicitly on the numerical aperture of the objective lens. Finally,
the full expressions obtained for the minority carrier distribution due to focussed light
excitation are compared to those obtained when the much simpler decaying Gaussian

approximation is used.

3.1 The Induced Minority Carrier Distribution

In this section the induced minority carrier distribution in a semi-infinite semiconductor
is calculated. Initially a general expression for the distribution due to an arbitrary
radially symmetric generation function is found, the analysis is then specialised to the

case of focussed light excitation such that the generation-function g(r, z) can be written

as [14]
! up? up?
/0 Jo(vp) exp (—z 2p ) exp (—ﬂzp )pdp

where v and u are normalised optical coordinates [15] given by,

v = <2T7r> rsin 8 U= (—2;\1-> zsin’ 4. (3.2)

Here A is the wavelength, sin § the numerical aperture of the objective lens, 3 is related

2
,  (3.1)

9(v,u) = goA exp (—cuu)

to a, the intensity absorption coefficient via 2k = a with k being the wavenumber,
p is a radial variable in the objective pupil plane, go is a constant taking into account
surface reflectivity and quantum efficiency, » and 2z are radial and axial coordinates

respectively and ay is the normalised intensity absorption coefficient,

Oy = <g—/\> sin 4. (3.3)

T
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where D is the diffusion constant and L the minority carrier diffusion length.t The

boundary conditions on the injected carrier distribution can be taken as

0

Vs
il = — g
 ap(ry2)|_ = % ()| (3.7a)
and,
Ap(r,z)'z_’oo — 0. (3.7b)
Equation (3.7a) takes into account the increased recombination rate at the z = 0

surface, due to the presence of surface states, via a surface recombination velocity,
vy, [16] which ranges from zero, when there are no surface states present, to infinity
when total recombination of all the excess carriers occurs at the surface. The boundary
condition of Equation (3.7b) is used to ensure a bounded solution.

Since the generation function for focussed light is naturally written in the optical co-
ordinates (v,u) and the diffusion equation in the cylindrical coordinates (r,z) it is
important at this point to choose one set of coordinates and work with them through-
out. Most of the manipulation involves the generation function and so it is best to

choose the optical coordinates v and u which, from Equation (3.2), can be defined as
v = ar, and, u = bz (3.8)

with @ = (2rr/))sind and b = (27/))sin® §. The diffusion equation can now be written

in the optical coordinate system as,

10 0 0? Ap(v,u) 1
az;;?; (v—azAp(v,u)) + bza—zAp(v,u) i ——Eg(v,u), (3.9)
with the boundary conditions becoming,
0 | |
-a—uAp(v,u)lu=0 = sAp(v,u)’u=O, (3.10a)
and,
Ap(v,u)|,_ . — 0, (3.100)

where s = v,/bD is a normalised surface recombination velocity.

We require a solution to Equation (3.9) for a general generation term, g(v,u), and so
it is useful to adopt a Green’s function [17] approach to the solution. The problem also
has an obvious cylindrical symmetry which suggests that Equation (3.9) may be most
easily solved by introducing the Hankel Transform [18 p.458] of Ap(v,u) with respect

to the radial coordinate v, defined as

Ap(v,u) = /:O Ap(v,u)Jo(vv) vdv (3.11)

It should be noted that an entirely analogous expression can be written for electrons in p-type material,
although the low injection level condition is generally more restrictive [3].
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where Jy is a zero order Bessel function of the first kind. Under this transformation

the diffusion equation becomes

0?2 . _ 9 A = 1
mAp(u,u) — $*Ap(v,u) = ~ D g(v,u), (3.12)

where g(v,u) is the Hankel transform of the generation function and,
$? = a’v?/b% + 1/L2b2. (3.13)

The boundary conditions of Equation (3.10) still apply but with Ap(v,u) replaced by
Ap(v,u) since the transformation acts purely on the radial coordinate. The Green’s
function for Equation (3.12) which satifies the boundary conditions is straightforward

to find using standard techniques, and is given as {13]

1 ¢— s
G(v, uluo) = ~ { e=dlu=ul ) —¢(u+uo>} | 3.14
(v, uluo) ¢{e +<¢+3 e (3.14)
and so the general solution to the transformed diffusion equation can be written,
1 (o o}
Ap() =~z [ Glwsuluo)a(vyuo) duo, (3.15)
0

from which the induced carrier distribution can be found via the inverse Hankel trans-

form as,

1

Ap(v,u) = —E—b—z—/.. /0 G(v, u|uo)g(v, uo)Jo(vv) dug vdv. (3.16)

Equation (3.16) is a general expression for the induced carrier distribution in the semi-
infinite sample for an arbitrary radially symmetric generation term g(v,u).
Speciali,zi-ng to the practically important case where the generation is due to a focussed
light beam, the distribution may be found from Equation (3.16) and, since the form of
the Green’s function is well known, the problem reduces to finding an expression for
the Hankel transform of the generation function g(v,u). It will be useful to re-write
Equation (3.1) as,

2

1 2 2
g(v,u) = goAexp (—auu) / Jo(vp) exp (—“;p )eXP (—ﬂgp )pdp
0

2

= goA exp (—auu) / P(p,u)Jo(vp)pdp (3.17)
0
= goA exp (—aqyu) Ih(v,u)l2
where,
2 2
P(p,u) = exp (—iy;;) exp (_ﬂ?;p > for lpl <1 (3.18)

and,
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h(v,u) = /0°° P(v,u)Jo(vv)vdv = H{P(v,u)}, (3.19)

here H represents the Hankel transform operator. Using Equation (3.17) for the gen-

eration function, the Hankel transform g(v,u) is given as,

3(0) = oA exp(aua) [ [h(o,u)2n(ov) vdo
= goA exp (—oyu) 7'?{|h(v,u)|2}
= goAexp(—oyu) H {h(v,u)} ® H {h(v,u)*},
that is,
g(v,u) = goAexp(—awu) P(v,u) ® P*(v,u), (3.20)
where ® and * represent the convolution operation and complex conjugate respectively.

Now, using the convolution theorem for the Hankel transform [19 p.250], g(v,u) can

be written,

o) 27
ﬁ(v,U)=gerXP(—auU)/O /0 P(p1,u)P*(p2,u) prdp1dd (3.21)

where the variables p;, p2,v and ¢ are related via the cosine rule as
p;3 = v? +p} —2wp1cos¢ for o1, |pal < 1. (3.22)

Equations (3.21) and (3.22) can be represented graphically as an integration over the
region of overlap of the two circles, p; = 1 and p2 = 1, whose centres are displaced by an
amount v, the transform variable. This is shown in Figure (3.2) where the relationship
between the variables p;,p2 and v can be visualized.

An expression for §(v,u) can now be written explicitly using the form of P(p,u) from

Equation (3.18) as

g(v,u) = goAexp(—aqu) /; exp (——322 {p? - p%}) exp (—-'B—;— {p? + p%}) dS, (3.23)

where the region S is defined as the overlap area between the two circles in Figure (3.2).
The integrand in Equation (3.23) can be simplified by introducing a new coordinate
system, centered on the region of overlap, as shown in Figure (3.3) from which it is

clear that the coordinate systems (p1,p2) and (p, ) are related by
p2=p?+ A% +2pAcosd (3.24a)
p2 = p? + A% —2pAcosb (3.24b)
which enables the exponents in Equation (3.24) to be re-written in the form,

2 | 2 2 _ 2
'I—)%@- = p? + A2 and 171_2& = 2pA cos 4, (3.25)
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Figure 3.2. Graphical representation of the convolution P(p, u)® P*(p, u). The region
of integration in Equation (3.21) is given by the overlap of the p; =1 and p; =1
circles.

Figure 3.3. Definition of the coordinate system used for the evaluation of the surface
integral in Equation (3.23).
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where,
1-p? - A?
= 278 :

Before continuing to find the induced carrier distribution due to the focussed light

A =ay+ [B(A% +p?), and, A

(3.28)

generation term, it is interesting to consider the form of §(v,u), as given by Equation
(3.27), and see how this differs from previous approximations where focussing effects
have been ignored. For the cases where the generation term is taken as a point source on
the surface [8,9] or a decaying series of point sources {10,11,12] the generation function

can be written as separate functions of the radial and axial coordinates, such that,
ga(v,u) = goAadV(v).U(u), (3.29)

with A, being a normalisation constant and where U(u) = §(u) for the point source or,
U(u) = exp(—ayu) for the decaying series of point sources, but for both V(v) = §(v)/v.
Here 4§ is the Dirac-Delta function. So, for the above approximations the Hankel

transform of the generation term has the form,
ga(v,u) = goAa U(u). (3.30)

One obvious difference between the expressions for g is that in the focussed beam case,

Equation (3.27), g(v,u) has a natural cut-off point in v, namely,
glv,u) =0 Cfor v 2>2, (3.31)

since both the integrals in Equation (3.27) vanish for A > 1. This is because the
separation, v = 24, of the centres of the p; = 1 and p3 = 1 circles in the convolution is
greater than the sum of their radii, and so there is no overlap and hence the convolution
is zero, whereas, for the approximations g, is non-zero for 0 < v < oo.

We can investigate the form of the Hankel transform of the focussed beam generation
function by looking at isometric surface plots, for various values of the numerical aper-
ture, as shown in Figure (3.5). The Figure shows plots of the function R(v,u) which

is defined as,

___§»u)
R(v,u) = g (3.32)

since the exp(—aqyu) = exp(—az) is independent of the numerical aperture. The cut-off
point in g(v,u) at v = 2 is clearly visible in each of the plots. It is interesting to note
that R(v,u) and hence g(v,u) decays more rapidly with depth into the semiconductor
at high numerical aperture, this is a consequence of the increase in effective absorption
with increasing numerical aperture, as can be seen from Figure (3.1)

We can now continue from Equation (3.27) and calculate the induced minority carrier

distribution due to the incident focussed light beam. The Hankel transform of the
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distribution can be found from Equation (3.15) where the Green’s function G(v, u|uo) is
given by Equation (3.14) and the source term §(v,u) from Equation (3.27). Folding the
Green’s function and source is fairly straightforward and given in Appendix B where it
is shown, Equation (B8), that the final expression for the transformed minority carrier
distribution, Ap(v,u), has the form

goA oo 1-A
Ap(v,u) =~ D523 /(; exp (—@|u — up|) 27r/0 exp (—Aug)Jo(2Apug)p dp

VvV1-AZ ,sin"l())
+4/ / exp (—up?B) cos(2ulpsin§) dfpdp| dug
1-A 0

+ (ﬁ; z) exp(—du) [27r /OI_A I'(¢, p) pdp

vi-az tan(sin—l(x\))
an~1
ETREE R frevotrvit ("5”’)”‘1”} } ’

(3.33)

where

1
V(6 + M) 44257

From Equation (3.33) it is possible to find the minority carrier distribution via the

[(¢,p) = (3.34)

inverse Hankel transform as,

Ap(v,u) = /O°° Ap(v,u)Jo(vv)vdv. (3.35)

Unfortunately, it is not possible to express this result in any simple fofm, even in
the special cases of zero or infinite surface recombination velocity or infinite diffusion
length, however, it is possible to evaluate Equation (3.35) numerically.

A full discussion of the effects of all the parameters in Equation (3.35), namely; the
absorption coefficient a, the diffusion length L, the surface recombination velocity vy,
the numerical aperture sinf, and the wavelength of the incident light A, on the form
of the induced carrier distribution would be extremly lengthy due to the large number
of combinations of parameters, and so the object here is to point out the main trends
rather than give an exhaustive discription of all the details. The absorption coeflicient
a and wavelength A are essentially fixed by the type of semicondu}?or in question and
we will choose to consider red HeNe light (A = 632.8nm), incident on the surface of
silicon, for which it is known that the absorption coefficient a = 0.4um=1 [20].

We are now left with the three parameters v,, L and sind, the first two being proper-

ties of the semiconductor and the third of the illumination system. Figure (3.6) shows
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isometric surface plots of the induced minority carrier distribution, as given by Equa-
tion (3.35), for various values of the numerical aperture sin 4, and when L = 5um and
vy/D = 1.0pm~1.

As would be expected the peak in the distribution is less well confined radially at low
numerical apertures, since then the incident radiation is fairly well approximated by a
plane wave, however, it is also clear that the distribution penetrates further into the
semiconductor at low numerical apertures implying that the distribution is less well
confined axially also.

The effect of the surface recombination velocity can be seen from Figure (3.7) where the
minority carrier distribution from Equation (3.35) is plotted for the cases of sin 8 = 0.6,
L =5.0pum and v, — 0, vs/D = 1.0pm~1 and v, — oo.

The surface plots in Figure (3.6) and (3.7) are useful to obtain a qualitative feel for the
shape of the injected distribution but for quantitative investigations it is generally easier
to consider axial and radial plots separately. Figure (3.8) shows the form of the on-axis
distribution Ap(0, z) as a function of depth into the semiconductor for various values
of surface recombination velocity. It is important to note that for any non-zero value
of vy the distribution always peaks some distance below the semiconductor surface.
This shift away from the surface is to be expected for a non-zero surface recombination
velocity owing to the differential form of the boundary condition in Equation (3.7a)
where v, essentially defines the gradient of the carrier distribution at the surface. The
effect of the minority carrier diffusion length is shown in Figure (3.9) where again the
on axis distribution is plotted. The diffusion length appears to have a greater effect at
low numerical apertures, although at values of L > 10pum the distribution is fairly well
approximated by the limiting case as L — oo, for all values of the surface recombination
velocity and numerical aperture.

It is possible to investigate the radial behaviour of the distribution by looking at cross-
sections at various depths into the semiconductor and, in Figure (3.10), we show radial
sections through the distribution at depths of z = 0.4pm, z = 1.0pm and z = 2.0pum
for the case when a = 0.4pm~1, L = 5um and v,/D = 1.0um~1. It is interesting to
note from Figure (3.10) that although at high numerical apertures, as can be seen from
Figure (3.1), the light intensity in the semiconductor has side lobes there are no side
lobes present in the carrier distribution, this is due to the diffusion and recombination
mechanisms smoothing the carrier distribution.

Figure (3.10a) is as one might expect intuitively, that is the distribution is better
confined for the cases of high numerical aperture, in Figures (3.10b) and (c) the same

is true although the maximum does not occur at the highest numerical aperture. The
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3.2 Information Depth

The decrease in peneration depth of the injected minority carrier distribution with
increasing numerical aperture, as described above, can be investigated further by in-
troducing the idea of an information depth [21,22]. As a somewhat arbitrary definition
of information depth we can ask, what is the distance, d, that we must go into the
semiconductor before we have sampled, say 90% of the photo induced carriers. That

is, if we introduce the function,

w(z) = /000 Ap(r, z) rdr, (3.36)

the information depth, d is the solution of,

/0 dw(z) dz = 0.9 /0 " w(z) dz, 3.37)

/doo w(z)dz = 0.1 /Ooo w(z) dz. (3.38)

or, equivalently

Defining Q(d) such that,

Qd) = / w(z)dz = / / Ap(r,z) rdrdz, (3.39)
d d 0
the definition of the information depth can be written from Equation (3.38) as,

Q(d) = 0.102(0). (3.40)

It is straightforward to calculate 2, since we can expoit the radial symmetry, using

o0 (o o] o0
/ / Ap(r,z)rdrdz = / Ap(0,z)dz, (3.41)
d 0 d

and so we need only consider Ap(v,z), as given by Equation (3.33), in the much

simplified form obtained as the transform variable v — 0. It is possible to find (0)
and Q(d) analyticaly as [21]

0 = 5 00~ (HsL)

al +1
ﬂaL +1 ) } (342)

(
) ()
e |(2)4)
%){El( )4 -m (7))

+ 2{E1(ad) - El(uad)}} , (3.43)

and,
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sin? 6

2

sin? @
4
and Ej is an exponential integral of the first kind [23 p.227].

where €=

, and u:(1+25)=<1+ ), (3.44)

The solution of Equation (3.40) as a function of numerical aperture is shown in Figure
(3.12), again for red light in silicon such that o = 0.4um~!, and for a diffusion length
of L = 5um. The two limiting cases of zero and infinite surface recombination velocity
are shown although the general trend applies for any v,.

In the limiting case of low numerical aperture, such that ¢ — 0, and g — 1 Equations

(3.43) and (3.42) simplify considerably to

Q0)=(1-aL)(l1+aL+sL), (3.45)
and,

Q(d) = (1 + sL)exp(—ad) — aL?(a + s)exp <—-%> : (3.46)

from which it is possible to put a lower limit on the information depth by considering
the high absorption (a — o) limit. Taking this limit we find that the actual value of

surface recombination velocity is unimportant and that we arrive at,
d=~23L, (3.47)

which is in reasonable agreement with Figure (3.12) where L = 5um. It should be
noted that the factor 2.3 (= In10) is of course somewhat arbitrary and depends on the
choice of the 90% criterion, and for example, if we had chosen a 95% criterion then the

lower bound on the information depth would have been d ~ (In20)L ~ 3L.
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Figure 3.12. The information depth, d, as a function of numerical aperture for red
light in silicon having a diffusion length L = 5um and (a) zero surface recombination
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velocity or, (b) infinite surface recombination velocity.
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3.3 Uses for the minority carrier distribution

Having found the form of the induced minority carrier distribution due to a focussed
light beam we can now demonstrate it’s importance by considering the two practically
important examples of (i) Optical Beam Induced Current (OBIC) imaging of defects

and (ii) Photoluminescence (PL) imaging of defects.

Example (i): Optical Beam Induced Current Imaging of Electrically Active
Defects

One of the main attractions of the beam induced current examination technique is the
ability to image electrically active defects close to the semiconductor surface. However,
it is clear that to use this technique with any degree of certainty it is neccessary to have
a good physical model for the formation of the Optical Beam Induced Current image of
the defect. Therfore in the following a defect, defined as a region of increased minority
carrier recombination as shown in Figure (3.13), is introduced into the semi-infinite
semiconductor and the OBIC contrast calculated as a function of the illuminating lens
numerical aperture.

The presence of the defect can be taken into account by introducing a position depen-

dant recombination term into the diffusion Equation such that [24,25,26]

Ap(r 1
V2Ap(r) - ——Z(i—) = —Bg(r) + v(r)u(r)Ap(r), (3.48)
where v(r) is the defect distzibution and u(r) is a step function defined to be unity in
the region, F, of the defect and zero elsewhere.

The presence of the defect modifies the minority carrier distribution Ap(r) such that
the solution to Equation (3.48) has to be written in the form of a Fredholm equation

given by,

Ap(r) = %Lg(ro)G(rlro)dro ——/F'y(ro)Ap(ro)G(rlro)dro. (3.49)

Since we expect the presence of the defect to make a small difference to the OBIC
signal, and in fact it has been shown practically [27] that this is the case, it is plausible
to approximate the solution of Equation (3.49) by a Neumann expansion [28] to first

order, such that
Ap(e) = Apa(r) = Apofr) = [ +(r0)Apo(ra)G(xlro) dro (3.50)

where Apo(r) is the zero order Neumann term which is simply the solution in the

absence of a defect as calculated in Section 3.1. However, in the OBIC examination
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Figure 3.13. Schematic representation of an electrically active defect in a semi-infinte
semiconductor.

technique it is the induced current that is measured and, if we choose to consider a
Schottky barrier diode as shown in Figure (3.13) where the collecting junction is on the
z = 0 surface, the diffusion current, I, can be found directly from the induced minority

carrier distribution since,

2 poo
I = qD/ / —Q—Ap(r,z) rdrdf. (3.51)
o Jo 0z

Substituting Ap(r, z) from Equation (3.50) into Equation (3.51) we see that
I=1Ip-1I (3.52)

where Iy is the diffusion current in the absence of the defect and I* is the decrease in

current due to the presence of the defect. From Equation (3.50) it is clear that

Iy = quD/ Apo (r,2)|,_,7dr, (3.53a)

and,

0z

The oo subscript on the Green’s function signifies that, due to the presence of the sur-

I* = 2rqD /Ooo 9 {/ny(ro)L\.pg(ro)Goo(rlro)dro} ]z=0 rdr. (3.53b)

face junction, the limiting value of G(r|rp) as the surface recombination velocity tends
to infinity is to be taken. Considering o first, and assuming the order of intergration

and differentiation can be interchanged freely, we can use the radial symmetry to give

a
—'—Aﬁo(o, z) ;
z=0

Io = 27rqD 52
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= 2mgq i {/ §(0,20)Goo (0, 2| 20) dzo}
az 0 z=0
= 27q / 9(0, zo) {iGw(O,zho) } dzg. (3.54)
0 0z z=0

Turning to I* we see that,

I* = 27rqD/ i {/ 7(r0)Apo(r0)G°°(r|r0)dro} rdr
0 0z F z=0
= 27rqu {/ ¥(ro)Apo(ro) [/ Gm(r|ro)] rdr} dry. (3.55)
0z F 0 z=0
Again exploiting the radial symmetry we have,
/ Goo(r|re) rdr = G (0, 2| 20). (3.56)
0

Also, if we choose to consider a point defect, we can write the defect distribution, y(r)

as

y(r, z) = 70 5(r = 05(2 - a), (3.57)

2r T
where a is the depth and ¢ is the radial position of the defect and vp is the defect’s
strength. Equations (3.56) and (3.57) allow us to write I* in the form,

0

" = 100D { £-Go(0, 710} g | Apo(6, ). (3.58)

We can now define a contrast function, Copic(é, a), as the ratio of I* and I such that,

from Equations (3.54) and (3.58), we have,

voD h(a) }
Co ic\Gy = o0 A @), .
bic(é ) {271' fo h(z0)g(0, z0) dzo Po(¢, ) (3.59)
where the function h(zg) is given as,
0
h(z0) = EGm(O,zlzo)L:O. (3.60)

For the case of focussed light excitation, using the form of the generation function and

Green’s function from Section 3.1, it is straightforward to show that Equation (3.59)

reduces to
In {1+ Sinz 0 “
omter=2 {2 o) e,
90 {In [1 + 2(aL+1)]
that is,

Cobic(€7a) = @(Sin 0’0') Apo(f,a.). (362)
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From which it is clear that the contrast for a defect at a certain depth is directly
proportional to the minority carrier distribution, and so it is straightforward to find
Cobic(§,a) by use of the expression for Ap(r,z) given in Section 3.1.

Figure (3.14) shows contrast plots as obtained from Equation (3.62) for three values
of numerical aperture, and various values of diffusion length, for a defect at a depth
of a = 2um. Each of the plots follows the same trends and, in particular, it can be
seen that the contrast curves have no side lobes, this is to be expected from the form
of Equation (3.62) since the carrier distribution has no side lobes either. The relative
unimportance of the diffusion length when imaging defects can also be seen from Figure
(3.14) and notably for values of L > 10um the L — oo approximation is adequate.
One important question to ask is how does the resolution of the OBIC technique
depend on the numerical aperture of the objective lens. If we define the resolution
as the half width of the contrast curves it is possible to investigate the effect of the
numerical aperture for defects at various depths. In Figure (3.15) the resolution is
plotted against numerical aperture for a low value of diffusion length L = 2um, Figure
(3.15a), and in the limit L — oo Figure (3.15b). For a shallow defect where a = 0.5um
the curves are as one would expect, that is the resolution increases with numerical
aperture until a limit is reached at around 0.8um, although for deeper defects the
curves quite are different. It is clear that the resolution goes through a maximum,
that is the half width goes through a minimum, at an intermediate value of numerical
aperture. This is an important point to note since when imaging defects which are not
close to the surface it is clearly not always wise to use a high numerical aperture lens
in the illumination systém to obtain maximum resoiution. Again it can be seen from
Figure (3.15) that the diffusion length is relatively unimportant since the resolution
predicted in both Figure (3.15a) and (3.15b) is, certainly for the shallow defects, very
similar. .

It should be noted here that, although we have only considered a point defect as a
straightforward example, it is no more difficult to calculate the contrast due to line
defects either parallel or perpendicular to the semiconductor by simply changing the

form of the defect distibution, ¥(r).
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Figure 3.14. The contrast function for a point defect at a depth a = 2um in a
silicon Schottky barrier of shallow p-n junction when illuminated with red light. The
numerical aperture is taken as (a) sind = 0.2, (b) sind = 0.6 and, (c) sind = 0.9.
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Example (ii): Photoluminescence Imaging of Defects
Following on from the preceding example we now calculate the contrast obtained dur-
ing photoluminescence studies of an electrically active defect. The photoluminescence
signal, P, can be expressed as [29,30,31],

P= / A(z) (1> Ap(r,z)dV, (3.63)

A% Tr

where V is the semi-infinite volume of the material and the ratio of the total recombi-
nation rate to the radiative recombination rate, 7/7;, is the internal quantum efficiency
of the material. The factor A(z) represents the attenuation of the lumniscent light as

it reaches the surface of the material and may be expressed as [32]

Pe az
A(z) =/(; exp (— co; ¢> sin ¢ d¢, (3.64)

here a; is the absorption coefficient for the luminescencent radiation and ¢, is the
critical angle at the semiconductor-air interface. It has been shown [33] that the crit-
ical angle is often sufficiently small such that A(z) may be accurately described as
exp(—aqz), although some authors neglect this term altogether [34]. For simplicity of
calculation we will also ignore the internal absorbtion such that the photoluminescence

signal can be written in the form,

'Poc/ / Ap(r, z) rdrdz. (3.65)
0 0

Here Ap(r, z) is simply the solution to the diffusion equation which has been modified
to take account of the presence of the defect. Substituting the form of Ap(r, z) from
Equation (3.50) into Equation (3.65) gives

P =Py — P*, (3.66)

where, similarly to the OBIC case, Py represents the PL signal in the absence of the
defect and P* represents the decrease in PL due to the presence of the defect. Clearly

it is possible to write Py as,
Po OC/ / Apo(r, z) rdrdz :/ Apo(0,z)dz, (3.67)
0 0 0

and so,

'Pooc/ / §(0,20)G(0, z|20) d2zod >z, (3.68)
0 0
such that,

Po oc/o (0, zo) {/Ooo G(O,zlzo)dz} dzy. (3.69)
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Turning to P* it is clear that, from Equation (3.50),
o0 o0
P* x / / / v(ro)Apo(ro)G(rire) drordrdz, (69)
0 0 F
which, by use of the Hankel transform, can be written,
o0
P* / L7(ro)Apo(ro)G(0,z|zo) drodz
0 [0 o)
o / ¥(ro)Apo(ro) [/ G(O,zlzo)dz] dry. (3.70)
F 0
Z
Specialiging to the case of a point defect at a depth @, as in the OBIC example, yields,
7 o0
P* 5% [/ G(O,zla)dz] Apo(¢, a). (3.71)
0

The photoluminescence contrast, Cpi(¢,a), can be defined in an analogous way to the

OBIC contrast as the ratio of P* to Py, and as such has the form,

2) = 10 f(a) . -
Colt0) = { G} Aol (3.12)

where f(z0) = [5° G(0,z|z0)dz. For the case of focussed light excitation Equation
(3.72) reduces to,

1- —%~ e—a/L
Cpi(¢,a) = ;_3 { sfl-i-:[)ﬁ%%;z%}%_l Apo(€,a), (3.73a)

1- (1+3L> 1n[1+i“72—2]
that is,
Ca(t, a) = O(sinb,a) Apo(é, a). (3.736)

Again it is clear that the contrast function is directly proportional to the minority
carrier distribution in the absence of a defect, Apo(r,z), and so straightforward to
calculate from Equation (3.35).

As an example of the form of Equation (3.73) Figure (3.16) shows the form of Cpi(¢, a)
for a defect at a depth of @ = 2um in gallium arsenide when the numerical aperture
of the objective lens sind = 0.6 and the wavelength incident of the incident light is
)\ = 752nm. Figure (3.16a) is for the case when the surface recombination velocity
vs/D — 0, and (3.16b) is for when v,/D — oco. From the contrast curves it can be seen
that the photoluminescence technique follows the same trends as the OBIC method
described in the previous example, as would be expected since the expressions for the
contrast functions in both cases differ only in their pre-multiplying factors. Again we

can define the resolution to be the half width of the contrast curves and Figure (3.17)
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Figure 3.16. Plots of the photoluminescence contrast, for various diffusion lengths,
for a point defect at a depth of a = 2um in a GaAs sample when illuminated with
infra red light of wavelength A = 752nm. The numerical aperture of the illuminating

lens is sin@ = 0.6 and the surface recombination velocity is taken as (a) v,/D — 0,
and (b) v,/D — oo.
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Figure 3.17. The resolution of the photoluminescence technique for the case when
GaAs is illuminated with infra red light of wavelength A = 752nm such that a =
1.0um~'. The diffusion length is taken as L = 5um, the surface recombination
velocity is v,/D = 1.0um~T and various defect depths are considered.
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shows that the photoluminescence resolution varies in the same way with numerical
aperture as does the OBIC resolution. That is, for defects more than, say, a micron
from the surface the resolution goes through a maximum at an intermiediate value of
numerical aperture, although the maximum resolution for the PL technique is seen to
be about 1.1um whereas in the OBIC example the maximum resolution was about

0.8um.
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3.4 Approximate Theories

The calculation of the induced minority carrier distribution Ap(r,z) as described in
Section 3.1 is rather involved and time consuming. For this reason it is interesting to
ask if there are any realistic approximations which can be used to simplify the analysis
whilst still predicting the correct trends. The awkwardness of the problem stems from
the complicated form of the generation function g(r,z) and so it is this term to which
we will seek an approximation.

In the absence of absorption (ay — 0) the light intensity distribution in the focal plane
can be written [35 p255] in the form,

= A [ZJI(”)] 2, (3.74)

v

9(v,0)

au—’o

where J; is a Bessel function of the first kind and order one, and A4; is a normalisation
constant. If we assume that the rate at which the light is absorpted is purely propor-
tional to the light intensity, the axial form of g(v,u) can be approximated by a simple
exponential decay with a decay length (in optical coordinates) of 1/ay. This means

that we can approximate the generation function by,

g(v,u) = Az exp (—oqu) [351—(1’—)] : (3.75)

v

The generation term in Equation (3.75) can be further simplified by noting that a
Gaussian can be fitted, to a good accuracy, to the Bessel function by choosing the
Gaussian half width c,, correctly. If we make this further approximation it is possible

to write the generation term in a much simplified form as

‘ aya?b v?
g(v,u) = gi—z——-exp(—auu) exp (——2) , (3.76)
wcl c2

where the normalised Gaussian half width ¢, = 1.93 for the best fit [25], and can be
related to the actual Gaussian half width c, via,

¢= (A"”) L (3.77)

o7 ) sinf’

The approximation given in Equation (3.76) will be refered to as the decaying Gaussian
approximation, and Equation (3.77) gives us a way to choose the Gaussian half width,
¢, appropriate to a numerical aperture sinf. A further simplification of the decaying
Gaussian approximation can be found by assuming that the Gaussian half width is
small compared to the diffusion length, since then we obtain,

goaya?b 6(v)
2

g(v,u) = exp (—auu), (3.78)
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where §(v) is the Dirac-delta function. Equation (3.78) will be refered to from now on
as the decaying point source approximation. The induced carrier distribution in the
decaying Gaussian approximation can now be calculated from the general expression

given in Equation (3.16) which yields [13],

aya? [® Oy
Ap(v,u) = ggﬂ.D(Z /(; {exp(—auU) - < 5 :;) exp(—¢ﬂ)}

exp(—vic?/4)
(= a'é) Jo(vv)vdy. (3.79)

Use has been made of Weber’s first exponential integral [36 p.393],
—p?z?) J dz = —; — 1, 3.80
/(; exp (—p?z?) Jo(qz) zdz 2pzexP(4p2) (3.80)

to calculate the Hankel transform of g(v,u). The carrier distribution in the decaying
point source approximation follows directly from Equation (3.79) by taking the limit as
¢y — 0. Unfortunately it is not possible to express Equation (3.79) in terms of known
functions, although it is straightforward to evaluate numerically.

Figure (3.18) shows isometric surface plots, obtained from Equation (3.79), for the case
when a = 0.4pm~1, L = 5um, a Gaussian half width ¢ = 0.32um which, from Equation
(3.77), corresponds to a numerical aperture of sin# = 0.6 and three values of surface
recombination velocity. The carrier distribution due to the simple decaying point
source approximation is shown in Figure (3.19), again for the case when a = 0.4um~1,
L = 5um and for three values of the surface recombination velocity.

It is clear from Figures (3.18) and (3.19) that both the approximations follow the same
trends as given by the full theory and so we can see that Equation (3.79) provides
a resonable approximation to the induced carrier distribution although tends to over
estimate the depth of penetration of the excess carriers.

Again, it is easier to compare the focussed theory and Gaussian approximation by
considering axial and radial sections through the distributions separately. Figure (3.20)
shows on-axis comparisons for a high numerical aperture of sinf = 0.6um, Figure
(3.202), and a low numerical aperture of sin § = 0.2, Figure (3.20b), when a = 0.4um—!
and L = 10pgm. The Gaussian half widths were chosen using Equation (3.77) to be
¢ = 0.32um and ¢ = 0.97um respectively. The fit at high numerical aperture is seen
to be fairly poor where the Gaussian approximation over estimates the penetration
depth considerably for all the values of surface recombination velocity, although at low
numerical aperture the fit is excellent with the Gaussian approximation following the
focussed theory at all values of surface recombination velocity.

In Figure (3.21) we give a comparison of radial sections through the distributions at

different depths again for the case when a = 0.4um~1, L = 10pm and v,/D = 1.0um.
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Figure 3.20. Comparisons of the on-axis carrier distribution produced from the fo-
cussed beam theory and the decaying Gaussian approximation for the case when
a=04um~!, L =10uym and v,/D — 0, v,/D = 1.0um™! and v,/D — oco. (a) is for
a high numerical aperture of sinf = 0.6 and Gaussian width of ¢ = 0.32um and (b)
is for a low numerical aperture of sind = 0.2 and Gaussian width of ¢ = 0.9Tum.
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Figure 3.21. Comparisons of radial sections through the minority carrier distribution
as predicted by the focussed and Gaussian theories when a = 0.4um=', L = 10um
and v,/D = 1.0um~'. (a) is for a section depth of z = 0.4um and values of numerical
aperture of sind = 0.2, sind = 0.6 and sind = 0.9 with associated half widths of
¢ = 0.97um, ¢ = 0.32um and ¢ = 0.21um respectively and (b) for a section depth of
z = 1.0um and numerical apertures of sind = 0.2 and sin 8 = 0.6.
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Figure (3.21a) shows the section at a depth of z = 0.4um for three values of numerical
aperture and associated Gaussian half widths, and Figure (3.21b) at a depth of z =
1.0pm for two values of numerical aperture.

It is clear from Figure (3.21) that the agreement is better at shallow depths for all values
of numerical aperture, although for all depths it is seen that the shape of the focussed
beam distribution is very well approximated by the Gaussian. This good agreement
means that, in situations where a low numerical aperture lens is used, the simple
decaying Gaussian theory can be used with confidence, this applies to the imaging of
defects in OBIC and PL as well as the use of induced currents for the measurement of
material parameters. Better agreement should be expected for the radial sections since
Equation (3.77), from which the Gaussian half width is chosen, was found by comparing
the radial forms of the light distribution within the semiconductor as predicted by the
focussed and Gaussian theories.

In order to produce better agreement for the axial plots it is neccesary to extend the
assumption of a simple exponential decay for the light intensity within the semiconduc-
tor. This can be done by considering the on-axis form of the light distribution within

the material since then we have, from Equation (3.1),

44'go exp [—a(l + §i—“;—9)z]
0,z) =
9(0, 2) k?sin? (1 + (a/2k)?) z2

. 2 . 2
{sin2 (kSIZ 0z> + sinh? (a518n az) } , (3.81)

where A’ is a normalisation constant. If we expand the sin and sinh functions for small

arguments Equation (3.81) simplifies to

! P2
g(0,z) = A4go exp {—a (1 + Sn; 0) z} : (3.82)

It is interesting to note that Equation (3.82) still predicts a simple exponential decay
for the light intensity within the semiconductor, although with an effective absorption

coefficient which is a function of the numerical aperture, sin 4, given by
. 2
6
Qeft = (1 + S”:} > a. (3.83)

From Equation (3.83) it is clear that the effective absorption coefficient increases with

increasing numerical aperture, as required to correct for the over estimation of the
penetration depth by the Gaussian approximation, and in Figure (3.22) a comparison

between the axial carrier distributions produced using a and a.g for the absorption

coefficients is given.
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3.5 Conclusions

The excess minority carrier distribution induced in a semi-infinite semiconductor due
to a highly convergent focussed light beam has been calculated. It has been shown how
the induced distribution is a strong function of the numerical aperture of the objective
lens through which the incident light is focussed, as well as depending on the material
parameters of the semiconductor.

The calculated minority carrier distribution was used to model the imaging of electri-
cally active defects, in both the Optical Beam Induced Current mode of the Scanning
Optical Microscope, and in Photoluminescence techniques. It was shown that the res-
olution of both techniques exhibits a strong dependence on the numerical aperture of
the illumination system, and that optimum resolution is not neccesarily achieved by
using a lens with a high value of numerical aperture.

Finally, approximations to the focussed beam theory where considered where it was
shown that, by choosing the Gaussian half-width correctly, a decaying Gaussian func-
tion could be used to produce an acceptable approximation to the actual induced
minority carrier distribution at low numerical apertures. A new expression for the ax-
ial form of the generation function, which uses an effective absorption coefficient which
is a function of the numerical aperture, was also suggested with a view to compensating
for the over estimation of the penetration depth in both the decaying Gaussian and

simple point source approximations.



CHAPTER 4:

STEADY STATE
BEAM INDUCED CURRENTS

4.0 Introduction

The measurement of material parameters, such as minority carrier lifetime and sur-
face recombination velocity, is of great interest to semiconductor process and design
engineers. There are various methods for measuring the minority carrier lifetime based
on the use of optical pulses [1], although the spatial resolution of the techniques is
frequently poor due to the large area excitation. The bulk minority carrier diffusion
length and surface recombination velocity may be found by an analysis of the transient
capacitance of a MOS structure [2], although again the spatial resolution is limited
by the size of the device, and information is only collected from a depth set by the
depletion layer width. However, an Optical Beam Induced Current based technique,
using the Scanning Optical Microscope, would be preferable to these methods since
it would allow discrete, point-by-point lifetime measurements to be made [3,4,5]. In
general, a method based on the use of the SOM will allow spatial inhomogenieties in
a semiconductor’s electrical properties to be observed with a resolution related to the
half-width of the injected carrier distribution as was discussed in Chapter 3.

The most convenient way to investigate the minority carrier distribution ié, in general,
via the short circuit current obtained when the photoinduced excess carriers recombine
at a rectifying contact such as a metalic point probe [6,7,8], a metal-semiconductor
interface or p-n junction [9]. For the case of a large metal-semiconductor contact or
p-n junction, and in the absence of any applied electric fields, this short circuit current
is a diffusion current generated by the diffusion of the excess minority carriers across
the depletion region. If we know the excess minority carrier distribution Ap(r, z), and
again consider an n-type semiconductor as in Chapter 3, we can write the diffusion
current, g, as

ds, (4.1)

junction

0
Idiﬂqu/a—AP(Taz)
S n

where S is the surface of the rectifying contact or junction and n is the normal to the

surface.

In this Chapter the short circuit Optical Beam Induced Current (OBIC) is calculated
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for planar device geometries, that is, geometries where the rectifying junction is parallel
to the semiconductor surface (taken as the z = 0 plane), in these cases use can be
made of the cylindrical symmetry by introducing the Hankel Transform, as in Chapter

3, Equation (3.35), since then the carrier distribution can be written,

Ap(r,z) = /:o Ap(v, z)Jo(vr) vdy, (4.2)

substitution of which into Equation (4.1) yields,

Jo(vr) vdvdOrdr. (4.3)

z=junction

oo 27 oo
9,
Taig = qD / / 3, {Ap(v, 2)}
0 0 0 z

Performing the integrations, noting that f[;° Jo(vr)rdr = §(v)/v, where §(v) is the

Dirac-Delta function, allows us to write Equation (4.3) in a much simplified form as,

0
L — —— m
Igig = 2wqD azAp(O’z)

(4.4)

z=junction

and so the surface integral in Equation (4.1) has been reduced to a differential which
is, in general, easier to evaluate. It is straightforward to calculate Ap(0,z), that is
the Hankel transform of the minority carrier distribution in the limit as the transform
variable, v, tends to zero, since it is simply the solution of the one dimensional diffusion
equation, ,

02 Ap(0, z)

- 1_
5;34517(0,2) - = = —59(0,2), (4.5)

where G(v, z) is the Hankel transform of the generation function as calculated in Chap-
ter 3.

By using this symmetry exploiting method it is shown how it is possible to obtain ana-
lytic expressions for the induced current due to both decaying Gaussian and Focussed
light generation terms. The calculations are performed for both shallow p-n junctions

or Schottky barrier diodes, and deep planar p-n junctions.
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4.1 Beam Induced Current in a Planar Junction

We begin by considering the simple p-n junction geometry of Figure (4.1) and calculate
the junction photocurrent due to the photo-induced minority carriers. The surface of
the semiconductor is characterized by a surface recombination velocity v, and the
metallurgical junction depth is taken as hg, such that collection of the photo-induced
carriers takes place at a depth, z = hg — w, where w is the depletion layer width.

The solution of the one dimensional diffusion equation given in Equation (4.5) is subject

to the transformed boundary conditions which, for this geometry, can be written,

0

A5 N, 4.6
A p(O,z) z=0 D AP(O’Z) z=0 ( )
and,
AI-)(O, z) = 07 (47)
z=ho—w

since the transformation acts purely on the radial coordinate. Equation (4.7) merely
states that the induced carriers are collected at the depletion edge which occurs at a
depth of z = hg — w into the sample. A convenient method of solution of the problem
is via a Green’s function approach similar to Chapter 3. It is fairly straightforward to
find the Green’s function to the diffusion equation, subject to the boundary conditions

of Equations (4.6) and (4.7), by standard techniques [10] which give [11],

L { 1-sL
G O,Z 2Zg) = e—lz*zol/L + ( ) e—(z+zo)/L
( ‘ 0) 2 [1 + (1_“_-’L_) e—2h/L] 1+ sk

14+sL
_e—Zh/L e(z+zo)/L + (1 — sl elz-—ZOI/L
1+ sL ’

where s = v,/ D is a normalised surface recombination velocity and h = hg — w. Note

that the Green’s function given in Equation (4.8) reduces to the Green’s function of
Chapter 3 in the limit as A — oo, as one would expect, since then we are simply
considering the semi-infinite media.

Folding the Green’s function with the source term, §(0,v), gives an expression for the

transformed minority carrier distribution as,

h
Ap(0,z) = —%/0 G(0, z|20)g(0, 29) dzg. (4.9)

Substituting Equation (4.9) into the expression for the diffusion current given in Equa-
T
tion (4.4) yields [11], assuming that the order of integration and differen¢iation can be

interchanged freely,

h{cosh(ZO/L) + 8L sinh(z9/L)

T = ——27rq/ cosh(h/L) + sLsinh(h/L) } 5(0, 20) dzo. (4.10)

0
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Figure 4.1. Schematic diagram of the planar p-n junction geometry

Equation (4.10) is a general expression for the diffusion current collected by a planar
p-n junction, at a depth A, due to an arbitrary generation function.

In order to model the experiments where an exciting beam is used to inject carriers
into a semiconductor we must add an extra current term to Equation (4.10). The extra
term is to take account of the carriers that are generated within the depletion region
by the incident beam, these carriers are immediately swept away by the built-in field
to constitute a current. Assuming a quantum efficiency of unity for the process, which
is realistic [12], the extra current term, Iq.p, which we will call the depletion region

current is given as,
ho (o o]
Iqep = 271"/ / g(r,z)rdrdz, (4.11)
h 0

from which the total beam induced current, I, can be calculated via
I = Igig + Igep- (4.12)

So far we have been completely general in choice of the generation function, g(r,z),
and hence in the form of §(0, z). Most analyses to date have considered the generation
function to be an exponentially decaying array of point sources within the material
[13,14,15] or else, to model the situation more closely, a Gaussian lateral profile is
sometimes introduced [16,17]. However, as was shown in Chapter 3, both of these

approximations predict minority carrier distributions considerably different from that
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predicted by the focussed beam generation term and, as such, it can be expected that
the form of the photocurrents may differ considerably. For this reason we extend the
previous analyses by considering focussed light to be the exciting beam. From Chapter
3, Equation (3.20), we know the form of the Hankel transform of the generation function

in the limit, v — 0, is

§(0,z) = goA exp(—az)/ |h(v, 2)|° vdv, (4.13)
0
that is,
§(0,z) = gerxp(—az)/ |P(p,z)|2 pdp. (4.14)
0

Equation (4.14) follows from Equation (4.13) by use of Rayleigh’s Theorem [18 p.250],
A is the normalisation constant given in Equation (3.4) and P(p,z) is the Hankel
transform of A(v, z) as in Chapter 3. Using the form of P(p,z) from Equation (3.18)

gives,

L e

where, as in Chapter 3, u = (1 + 2¢), € = (sin? §)/4 and sin § is the numerical aperture
of the objective lens. Substituting Equation (4.15) into the general expression for Igig

in Equation (4.10) gives an analytical expression for the diffusion current as {11],

[ ;qé%%) = {E1 [(auL _ 1)%] _Ey [(aL _ 1)—2]
+ (i - :é) (El [(a,u: + 1)%] _ B [(aL + 1)%] iy [(aL _ 1)%])

1 a?ull? -1 apl —1al +1
1 Ll 4.1
1—{-.3L(n[oz2L2—+-1].'_.s n[auL-}—laL—l])}’ (4.16)

where E; is an exponential integral of order one [19 p.227]. If a reverse bias is now
applied to the device the depletion layer will increase in width, such that A can be
replaced in Equation (4.16) by h = hg — w, where w is the voltage dependent depletion
width [20 p.74], and is proportional to the square root of the applied bias for an abrupt
junction or the cube root for a linearly graded junction.

Figure (4.2) shows the variation of the logarithm of the diffusion current as a function
of depletion layer width for the case when red light, of wavelength A = 0.6328um, is
focussed through a lens with a numerical aperture of sin# = 0.5 onto silicon, such that
the intensity absorbtion coefficient is a = 0.4pm~1 [21]. The metalurgical junction
depth is taken as kg = 17um and the minority carrier diffusion length as L = 10pm.
It can be seen from Figure (4.2) that the logarithm of the diffusion current varies

linearly with the depletion width, although the gradient of the plots is a function of
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Figure 4.2. The diffusion current, as a function of depletion layer width, collected
at a planar p-n junction at a depth of heg = 17Tum due to red light, A = 0.6328um,
focussed onto silicon, @ = 0.4um™!, with a diffusion length of L = 10um for various

values of surface recombination velocity, v,/D/um™1.

Asymptote

in(l)

Figure 4.3. The logarithm of the diffusion current collected by a planar p-n junction
of depth hg = 17um when v,/D = 1.0um~! and L = 10um. The straight line
asymptote is given by Equation (4.16), (a) is for a large range in w and (b) is for a

small range.
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surface recombination velocity. The values that have been choosen for the various
parameters are typical of high-voltage power transistors and, since the junction is
relatively deep compared to the absorption depth of the light, it is resonable to assume
that the diffusion current will dominate over the depletion region current and so Figure
(4.2) can be taken to represent the total current collected at the junction.

If the junction is known to be deep, then it is reasonable to assume that the value of
the integral in Equation (4.10) is not very sensitive to the upper limit, and as such
we may let this tend to infinity. t This allows us to evaluate the integral to produce
an expression which is much simpler than that given in Equation (4.16) and can be

written,

Tee o —990f(e;8, L,sin0)
[cosh(h/L) + sLsinh(h/L)]

If the junction current is plotted on a logarithmic scale it is clear that the precise form

(4.17)

of the function f(a,s, L,sin#) is unimportant,; and since f is the only term that is a
function of the exciting beam shape (given by the numerical aperture sin §) we can see
that for deep junctions the form of the generation function is unimportant, as would
be expected due to the “averaging out” by the diffusion process. However, the gradient
of the “In (Igif).vs.w” curve is still a function of the surface recombination velocity.
It is interesting to see if there are any approximations that can be made to the full
expression of Equation (4.16) such that it is possible to find an analytic expression
for the way in which this gradient varies with v,. The rate of change of the general
expression for the current, given in Equation (4.16), with the depletion width, w, can

be found in the limit of w — 0 as,

1 { tanh(h/L)+sL } | (4.18)

%ln (Tass) ‘w—»o iy {1 + sLtanh(h/L)

denoting this gradient by m(s) we can construct a straight line approximation as,
In (Igig) ~ m(s) - w. (4.19)

Figure (4.3) shows a comparison between the approximations of Equation (4.17) and
Equation (4.19) for two different ranges of the depletion width w.
It is clear that the straight line asymptote of Equation (4.19) is a good approximation

for low values of the depletion width w, and in these situations we can see that, from

1 Physicaly this means that the generation term g(r, z) has decayed sufficiently by z = h such that it is permisible
to ignore the generation of carriers at any depth greater than z = h, and, since g(r, z) essentially decays as
exp(—az) the condition can be written exp(—ah) < 1 which is clearly the case when a = 0.4pm™"' and
h = 1Tum.

t It should be noted that f is straightforward to calculate and can be found from [11]
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Equation (4.18), the gradient, m(s), varies from

m(0) = —i—tanh(h/l}), (4.20)

for zero surface recombination velocity, to

1
m(oo) = —icoth(h/L), (4.21)

for infinite surface recombination velocity. This gives us a fairly straightforward way to
find an approximate value for the diffusion length L, assuming that the relative size of
the surface recombination velocity is known, (that is whether v, — 0 or v, — o0). Since,
knowing the gradient, m, it is simply a matter of solving the relevant transcendental
equation, given by either Equation (4.20) or (4.21), for the diffusion length.

Of course, the expressions become even simpler if the ratio of the junction depth to

diffusion length is such that

h : h 1 h
cosh <Z) ~ sinh <—L—> ~ 5 exXp (E) : (4.22)

since then Equation (4.17) can be further simplified to give,

~2qgo0f(a, s, L,sin ) ( h)
Tyig ~ - - 4.23
dif (1+sL) FP\TL) (4.23)

and now a plot of the logarithm of the junction current against the depletion width,

w, yields a straight line of gradient 1/L, since A = hg — w. The beauty of the situation
is that the surface recombination velocity does not enter into the interpretation of the
results, and so techniques proposed by Engstrom et al [13], to detect resistivity and
lifetime variations, may be used with confidence. However, it must be stressed that,
without a good deal of a priori knowledge about the device under test, one cannot be
sure that Equation (4.23) rather than Equation (4.17) or (4.16) applies.

An experiment was performed, using a Scanning Optical Microscope, to investigate the
variation of the photocurrent with applied bias for a planar device such as that modelled
above. The device was of the deep junction type with the metalurgical junction being
500um below the semiconductor surface, and the doping on one side of the junction
was much greater than on the other, meaning that the abrupt one-sided approximation
could be used to relate the depletion width to the applied reverse bias.

A schematic cross-section of the device is shown in Figure (4.4), the connections to
measure the photocurrent where made to the metal annulus on the top and the ohmic
contact on the back. The photocurrent was of the order of pA’s and so straightforward
to measure using a Kiethley ammeter, the applied bias varied from 60V to 500V
producing a change in the depletion width, w, from 36um to 105um. The results

are shown in Figure (4.5) where it is clear that the In(/).vs.w curve is linear.
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Figure 4.4. Schematic cross-section of the planar p-n junction used to investigate the
dependance of the photocurrent on applied bias.
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Figure 4.5. The experimental results obtained as the photocurrent was measured as
a function of the applied bias for the device shown schematically in Figure (4.4).
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Since the metalurgical junction is deep in the device being investigated it is safe to
assume that Equation (4.23) can be used to obtain the diffusion length as the recipricle

of the gradient in Figure (4.5). Using this method a value for the diffusion length of
L =33pm (4.24)

was obtained.
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4.2 Beam Induced Current in a Finite Thickness Schottky Barrier

It is clear from the previous section that any attempt to extract information on a
quantitative basis from beam induced current studies of planar p-n junctions is plagued
by the need to know values for the surface recombination velocity and metalurgical
junction depth. One way around this difficulty is to use a Schottky barrier diode [20
p.245] for the experiments, as then, owing to the fact that the collecting junction is on
the surface, the surface recombination velocity is known to be infinite and the junction
depth to be zero. A schematic diagram of the device to be modelled is shown in Figure
(4.6) where, as in the planar p-n junction case the depletion layer width is taken as w,
and now the back surface is characterized by a surface recombination velocity vy,.

We choose to model a device of finite thickness, d, as the most general case, although in
practice it is often safe to assume that the device is of semi-infinite extent if d/L > 1.
The current induced in the device by the light beam can be found from Equation (4.4),
since the device geometry also exhibits cylindrical symmetry. The transformed carrier
distribution, Ap(0, z), can again be found from the one dimensional diffusion equation

given in Equation (4.5), although this time the boundary conditions on the solution

are,
Ap(0,2)|z=w = 0, (4:.25)
and,
a . _ Ubs A —
—A = —A 4.26
92 p(0,2) od D (0, 2) ed’ ( )

which merely state that the charge collection takes place at the edge of the depletion
region, z = w, and that the device has a thickness z = d. The approach to the
solution is the same as the previous section and Chapter 3, that is, to find the Green’s
function and fold it with the source term. The Green’s function, G(0, z|2p), is fairly
straightforward to find and the derivation, which is a good example of how most of
the Green’s functions used in this thesis were found, is given in Appendix C where it

is shown that,

L

2 [e—zd/L + (E—ﬂ%) e_zw/,;] {

G(0, z|z9) = e~2d/L {e—2w/Le(2+20)/L _ elz—zol/L}

1 = 8oL\ ¢ _aw/L,—|z—zol/L _ ,~(2+70)/L
+<1+3bL) S ) }},

(4.27)

where sy = vps/ D is the normalised back surface recombination velocity.
Folding the Green’s function of Equation (4.27) and source, §(0,z), and substitut-

ing into the expression for the diffusion current in Equation (4.4) gives the general
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Light beam

Surface recombination
velocity, Vg

Figure 4.6. A schematic diagram of the finite thickness Schottky barrier diode geom-
etry.

expression for the diffusion current as,

d
o _zm-w exp(2z0/L) + T'exp(2d/L)
lag = 21rq/;, P ( 7 ) { exp(2w/L) + T exp(2d/L)

where the effect of the back surface recombination velocity is taken into account by the

T = (1 = 5bL> , (4.29)

1+ 3L
and may vary between 1, for s — 0, and -1, for s — oo. Again specializing to the

} 3(0,20) dzo, (4.28)

variable ' which is given by

case of focussed light excitation, where (0, z) is given by Equation (4.15), it is routine

to find an analytic expression for the diffusion current as,

la = 105 [e—(d—u:—)%: Teld—w)/]
(e‘d/L {E1 [(ap,L - 1)-’“]‘3’] ~ Ey [(auL - 1)%]
+E [(aL - 1)%} 3 [(aL - 1)%]}
+ Ted/L {El (apL + 1)%] _E [(agL + 1)%}
+E; [(aL ; 1)%J - By [(al +1)?] })

(4.30)

Since the junction is on the surface in this geometry we cannot neglect the contribution

of the depletion region term to the total current, this can be found, in the unity
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quantum efficiency approximation, as
w oo
Iiep = 27rq/ / g(r,z)rdrdz
0o Jo
w

= 27rq/(1 §(0,z)dz, (4.31)

which is found to be,

Igep = ﬁo—)—(ln(u) + E1(apw) - El(aw)). (4.32)

The condition of the back surface is only important in structures that are thin compared
to the diffusion length, and it is clear that it is only the diffusion current term that
is affected, via the parameter I'. In Figure (4.7) the diffusion current is shown as a
function of the depletion region thickness, w/d, for the two extremes of back surface
recombination velocity, vy, — 0 and vy, — oo, that is I' —» 1 and ' — —1 respectively.
Figure (4.7a) is for a relatively small diffusion length of L = 3um and a thin device
with d = 6um, whereas Figure (4.7b) is for a long diffusion length of L = 10um and a
thick device where d = 20um.

It is clear from Figure (4.7) that the effect of the back surface is more important for
the thinner device, even though the ratio of thickness to diffusion length is the same
in each case. In Figure (4.8) the increase in total current (the sum of the diffusion and
depletion terms) is shown as a function of depletion width for the case where the back
surface is important, that is, for parameters as in Figure (4.7a).

The results can be illustrated further by considering a thick device where the state of
the back surface is unimportant. This situation can be modelled by letting d — oo in

Equation (4.30) which yields a much simplified form for the normalised total current,

Inorma as,

- n——{ In(u) + E1(apw) — Ei(aw)

~ /% (Ey [(apL + 1)%’-] ~ By [(aL + 1)‘2’]) } (4.33)
Equation (4.33) is plotted, as a function of the depletion width, in Figure (4.9) for
a selection of diffusion lengths, where it can be seen that for sufficiently high reverse
bias, that is large depletion layer widths, all the carriers are collected.
The limiting cases of L — oo and L — 0 are shown in Figure (4.9), it is easy to show

that analytic expressions for these limits follow directly from Equation (4.33) as,

Inorm|L__)ao — 1, ‘ (4;.34)
Ei(apw) — E1(ow)

In(g)

InormlL__,O — 1 (435)
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Figure 4.7. The normalised diffusion current collected by a finite thickness silicon
Schottky barrier due to red light, such that @ = 0.4um~!, focussed through a lens
with a numerical aperture of sinf = 0.6. (a) is for the case when the thickness of
the device, d = 6um and diffusion length, L = 3um, and (b) for the case of a device
thickness d = 20um and diffusion length L = 10um.
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Figure 4.8. The normalized total photocurrent for red light focussed onto the surface
of a silicon Schottky barrier as a function of depletion region width, for various values
of back surface recombination given by the parameter I'. The case shown is for when
d =6pum, L =3um, a =0.4um™~! and sind = 0.6.
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The effect of the numerical aperture on the total photocurrent is shown in Figure (4.10),
again for red light in silicon. The low numerical aperture curves can be reproduced
by approximating the generation term by the decaying Gaussian approximation of
Chapter 3, or by taking the limit of Equation (4.33) as sind — 0, since in both cases

the Hankel transform of generation term takes the form,

9(0,2) = %exp(—az). (4.36)

27
Extending the analysis, to include this limit for completeness, gives an expression for

the total current in a finite thickness Schottky in the low numerical aperture limit as,

aLqgo
(aL 1) [~ @/ 1 Teld-w/1]

al -1 al -1 w
1 —ad —(aL+1) -d/L d/L .
{( +<aL+1>F)e +(aL+1)e L’[e + Te ]}

(4.37)

I =qgqo [1 — e“ad] +

A disadvantage of using the Schottky barrier technique to measure the minority carrier
diffusion length, by monitoring the total photocurrent as a function of applied reverse

“ straight line” form, as

bias, is that it is difficult to present the results in a simple
can be seen from Figures (4.9) and (4.10), and so some simple curve fitting is required,
however, there are great advantages.

The main attraction of the Schottky geometry is the removal of the uncertainties
in both surface recombination velocity and junction depth that occur in the planar
junction situations. Other attractions of the Schottky barrier method are based on the
use of electrolytic liquids to form the rectifying surface contact, since then it is also
possible to produce a temporary Schottky barrier on the surface of a silicon wafer by
use of a noncontaminating electrolyte [5]. This allows diffusion length measurements
to be made on a wafer before and after processing and so gives a method of process
control which is easily automated. As well as being used as a nondestructive method of
diffusion length measurement it is also possible to map the diffusion length variations
through the bulk of a semiconducting sample by simply replacing the noncontaminating
electrolyte with one that etches silicon. Finally, it should be noted that, if we choose to
combine the measurement of the photocurrent with scanning, any variations in w, the

depletion layer width, due to perhaps doping inhomogenieties will manifest themselves

by a change in the photocurrent [5,13].
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Figure 4.9. The normalized total photocurrent collected by a semi-infinite silicon

Schottky barrier when illuminated with red light, such that @ = 0.4um~! and A =

0.6328um, via a lens with a numerical aperture of sin8 = 0.5, as a function of depletion
layer width.
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Figure 4.10. The normalized total current in a semi-infinite Schottky barrier as a
function of depletion layer width for the case when L = 1.0um and @ = 0.4um ™! and
for various values of numerical aperture.
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4.3 Conclusions

General expressions for the current induced in both planar p-n junctions and finite
thickness Schottky barriers due to an arbitrary, radially symmetric, exciting beam
have been derived. The results were specialised to the case where light from a high
numerical aperture lens provided the excitation.

It was shown that, in general, it is only possible to measure the minority carrier diffusion
length by use of the planar junction geometry if the values for the surface recombination
velocity and metalurgical junction depth are known. However, it was also shown that if
the junction is deep the diffusion length can be found without knowledge of the surface
recombination velocity.

The use of the Schottky barrier geometry to measure the minority carrier diffusion
length is preferable owing to the removal of the uncertainty in the surface recombination

velocity, although some simple curve fitting is required to extract the results.



CHAPTER 5:

TIME DEPENDENT
BEAM INDUCED CURRENTS

5.0 Introduction

So far in this thesis steady state beam induced effects have been considered. In Chapter
3 the form of the steady state minority carrier distribution was found and in Chapter
4 steady state beam induced currents were calculated where it was shown that the
measurement of the photocurrent in a Schottky barrier or planar p-n junction, as a
function of reverse bias, could lead to a measurement of the diffusion length. One of
the main reasons for wanting to measure the diffusion length, L, is to extract a value

of the minority carrier lifetime, 7, which is related to the diffusion length via
== (5.1)

with D being the diffusion coefficient, since it is 7, not L which is frequently used by
semiconductor device designers to characterize, amongst other things, the device gain
and switching speed.

One obvious problem arises here: what is the value for the diffusion coefficient, D 7
This problem can be overcome by realizing that we are essentially trying to measure a
property, 7, which has the dimensions of time and is intimately related to the transient
behaviour of the semiconductor, and yet we are using data collected in steady state
experiments where all transient effects are ignored. Another slightly more subtle point,
of which we must be aware, is that the vast majority of beam induced current exper-
iments are performed in a scanning optical microscope where the exciting beam and
the specimen are in relative motion. This means that each part of the semiconductor
under examination “sees” a short burst of excitation, the length of which is related
to the speed of scanning, which is in some ways analogous to a large sample of semi-
conductor being illuminated over it’s whole surface with a short burst of light. In this
rough analogy it would appear obvious that time dependent effects would have to be
considered, and as such it is clear that in scanning systems we should strictly consider
the time dependent form of the photocurrent which, in the limit of very slow scanning,

reproduces the steady state results found in the previous Chapters. The special case
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where the scan speed is constant in magnitude and direction is considered in Chapter
6 which deals explicitly with scan speed effects.

Therefore, in this Chapter the time dependent beam induced minority carrier distri-
bution, Ap(r, z,t), is calculated from the time dependent diffusion equation which is

written, {1} again for holes injected into an n-type sample,

DV?2Ap(r,z,t) — +g(r,2) - f(t) = =Ap(r, z,t), (5.2)

Ap(r,z,t) 9,
T ot

where we have assumed that the generation fuction can be represented as separate
functions of space, g(r,z), and time, f(t).

In the following the solution to Equation (5.2) is found for an arbitrary form of temporal
generation function and general, radially symmetrifz, spatial generation function. The
spatial form of the generation function is then spec/‘\a.lized to the practically important
case of a focussed light beam and the minority carrier distribution is used to calculate
the induced photocurrent, as a function of time, for various forms of the temporal
generation function, f(t). It is also shown how the minority carrier lifetime may be
measured directly without a knowledge of the diffusion coefficient.

Finally, the contrast obtained as an electrically active defect, in a semi-infinite Schottky
barrier, is imaged in the beam induced current mode of the scanning optical microscope
is calculated. It is then shown how, by taking measurements at sufficiently short
times after carrier injection and before the diffusion process has time to dominate, the

resolution of the OBIC method may be increased.
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5.1 Time Dependent Induced Carrier Distribution
Since we have choosen to consider a semi-infinite Schottky barrier the boundary con-
ditions on the solution to Equation (5.2) are given as,

Ap(r, z,t) 0T 0, and, Ap(r, z,t) T 0, (5.3)
where it has been assumed that the depletion width is small compared to the diffusion
length such that the charge collection takes place at z = 0. The problem has cylindrical
symmetry and so may be simplified by introducing the Hankel transform of the carrier
distribution, Ap(v, z,t), as used in Chapter 3 and 4, this reduces Equation (5.2) to a

partial differencial equation in two variables,

2
D%A?(V,z’t) - D‘{bZAZ_’(Vaz)t) +3(v,2) - f(t) = %Af}(u,z,t), (5.4)

where ¢ is as defined in Chapter 3, Equation (3.13). Equation (5.4) may be further
simplified by introducing the function AP(v,z,t) defined as,

AP(Vazvt) = exP(D¢2t) Af)(ll,z,t), (55)
since then we have,
0?2 - - 0 .=
DE—Z—EAP(V,z,t) + g(v, 2) - f(t)-exp(D¢?t) = &AP(u,z,t). (5.6)

This partial differential equation can be reduced to a one dimensional equation by

introducing the Laplace transform of AP(v,z,t) via,
L [Ap(u,z,t)] = AP(v,z,p) = / AP(v, z,t) exp(—pt) dt, (5.7)
0

with £ denoting the Laplace transform operator. Assuming the initial boundary con-

dition Ap(r,z,0) = 0 we can now write Equation (5.6) in the form,

ik , Ry o
58P (v 2,p) - ?AP(v, 2,p) = —~53(v,2)F(p = De*), (5.8)

with ¢ = v/p/D and F(p) = L[f(t)].

The Green’s function to Equation (5.8) is straightforward to find [2,3,4] and is given

as,t
Gluslan,p) = 5 { expl=aiz — =] - expl=a(= + 0], (5.9)

whence the general solution to Equation (5.8) can be written,

AP(v,z,p) = fl)-]-'(p — D¢2)/(; §(v, 20)G(v, z|20, p) dzo. (5.10)

This is simply the Green’s function found in Appendix C for the finite thickess Schottky barrier evaluated in
the limit as the thickness, d — oo, the depletion width, w — 0 and with 1/ L? replaced by ¢*.
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The general form of the induced minority carrier distribution may be found via the
inverse Laplace transformation of Equation (5.10), the use of Equation (5.5) and the
inverse Hankel transformation.t

To give an example of the type of solution predicted by Equation (5.10) we can consider
the illumination to be from a low numerical aperture lens since then, using the results of
Chapter 3, the spatial generation function, g(r, z) may be represented by the decaying
Gaussian given in Equation (3.76), which means that the Hankel transform, §(v, z), is
also a decaying Gaussian as can be seen from Equation (3.80). The simplest form for

the temporal generation function is a Delta function since then we have,
F(p- D¢?) =1, (5.11)

and Equation (5.10) may be written simply as,

AP(v,z,p) = 2m( igZZDZ) exp(—u2c2/4){ exp(—az) — exp(—-qz)}. (5.12)

From Equation (5.12) it is routine, using the inverse Laplace transformations tabulated

in Carslaw and Jeager [5], to write the minority carrier distribution as,

Ap(r, 2, ) = — 290 e {_(1 _ azDT)E} exp {__"2__} ,

2D(c? + 2Dt T c? + 2Dt
exp(—az) {erfc (a Dt — 2\/ZT)—t> — erfc (av Dt + Z;D—t> } )
(5.13)

where erfc is an error function complement [6]. Figure (5.1) shows contour plots of
Equation (5.13) for various normalised times, ¢/, after injection for the case when
al = 0.4 and ¢L = 0.05.

From Figure (5.1) it is clear that the region of maximum carrier concentration becomes
more diffuse and spfeads deeper into the bulk with time, this is an important point to
note when OBIC or photoluminescence results are taken as a function of time, since it

is clear that the resolution and section being imaged are functions of time after carrier

injection.

The method used here is an example of the repeated transform approach used classically in the solution of
the heat conduction equation see, for example, [5 p.464].



Chapter 5: Time Dependent Beam Induced Currents

z/L

05

0F

20

2/L —

0'5 /
—

Figure 5.1. Contour plots of the minority carrier distribution injected into a semi-
infinite silicon Schottky barrier by a short pulse of red light from a low numerical
aperture lens, such that L = 0.4 and ¢L = 0.05. (a) Corresponds to the distribution
0.17 after injection, (b) corresponds to the distribution 0.37 after injection and (c)
corresponds to the distribution 0.77 after injection. The contour numbering is such
that a high contour number represents a high carrier concentration and is normalised
such that contour ten in (a) represents unity with the contour spacing being 0.105,
in (b) contour ten represents 0.19 and the spacing is 0.02 and finally in (c) contour
ten is 0.033 with spacing of 0.004.
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5.2 Time Dependent Information Depth

The change in peneration depth as a function of time after carrier injection can be
investigated further by introducing a time dependent information depth [7] which is
the time dependent equivalent of the steady state information depth introduced in
Chapter 3. Following the definitions of Chapter 3 we can define the time dependent
information depth as the distance, d(t), into the semiconductor at which 90% of the

photoinduced carriers have been sampled, and so introducing the function
oo
w(z,t) = / Ap(r, z,t) rdr = Ap(0, 2,t), (5.14)
0
the information depth is given as the solution to,
Q(d,t) = 0.102(0,¢), (5.15)

where, similarly to Chapter 3,

Qd,t) = /:0 w(z,t)dz = /;oo Ap(0,z,t)dz. (5.16)

The calculation of the function (d,t) for a semi-infinite semiconductor with arbitrary
surface recombination velocity is fairly straightforward, although rather lengthy, and
yields an analytic result [7], however, the solution of Equation (5.16) has to be found
numerically. Figure (5.2) shows the time evolution of the information depth for the
limiting cases of zero and infinite surface recombination velocity.

It is clear from Figure (5.2) that the time taken to reach the steady state is slightly
less for low values of surface recombination velocity, however we see that a greater
depth of the specimen is probed for higher recombination velocities. This is a result
of our definition of information depth and the fact that for non-zero values of surface
recombination velocity the induced minority carrier distribution always peaks some
distance below the semiconductor surface {2 and Chapter 3]. It is interesting to note
from Figure (5.2) that a high absorption limit to the information depth appears to
exist at large values of time. This is just as we would expect from the steady state
information depth as found in Chapter 3 where it was shown that, in the limit as
a — 0o, d ~ 2.3L independent of surface recombination velocity. The same is predicted
from the time dependent theory in the large ¢ limit, as it must.

Figure (5.3) shows the variation of the information depth as a function of time for
various surface recombination velocities, where it is clear that the state of the surface

of the device does not have a great effect on the depth of the sample being probed.
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Figure 5.2. The time evolution of the information depth for the cases of (a) zero
surface recombination velocity and (b) infinite surface recombination velocity. The
curves shown are for different values of absorption coefficient, a, such that (1) repre-
sents aL = 1.5, (2) represents aL = 2.0, (3) represents aL = 4.0 and (4) is the limit
in which a — oo.

Figure 5.3. The time evolution of the information depth for the case when aL = 4.0
and three values of surface recombination velocity, (1) is for v, — oo, (2) for v,/D =
5.0um=! and (3) for v, — 0.
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5.3 Time Dependent Beam Induced Current In a Schottky Barrier

Returning to the case of the semi-infinite Schottky barrier considered in Section 5.1 we
now calculate the photo-induced junction current as a function of time. The diffusion
current, Ig;g(t), collected at the surface junction can be written in an analogous form

to the steady case as,

TIig(t) = 27rqu%Af)(0,z,t) (5.17)

where ge is the electric charge unit. Now, we can write an expression for Ap(0, 2, t),

z=0

using the substitution of Equation (5.5) and the Laplace transformation of Equation
(5.7), as,
Ap(0, z,t) = exp(~t/T) L~ [AP(0, z,p)], (5.18)

where L~! represents the inverse Laplace transformation, and so a general expression
for the time dependent diffusion current may be written, using Equation (5.10), in the

form,

Iig(t) = 27qe exp(—t/r)% {L—l []—' <p - %) Aw (0, z0)G(0, 2|20, p) dzo] }

z=0

(5.19)
Using the form of the Green’s function in Equation (5.9) this expression for the diffusion

current may be readily simplified to,

Iya(t) = 2mge exp(—t/7) / = {exp(-qzo)f (p - ;1_-) } (0, z0) dzo.  (5.20)

0

Equation (5.20) is a general expression from which the beam induced diffusion current
collected by a semi-infinite Schottky barrier due to arbitrary spatial and temporal
generation functions may be found. Specia,li,:g:ing to the case of light focussed through
a high numerical aperture lens we know that the Hankel transform of the generation
function, in the v — 0 limit, is given by Equation (4.15) which, upon substitution into

Equation (5.20) gives an expression for the diffusion current as,

R SN
{exp(—azo) - eXP(“a/‘z‘))} dzp. (5.21)

20

The form of the solution predicted by Equation (5.21) can now be demonstrated by
considering various forms for the temporal generation function f(¢). In the following
examples we consider the three important cases of; (i) Delta Function Excitation, (ii)

Step and Finite Pulse Excitation, and finally, (iii) Harmonic Excitation.
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Example (i): Delta Function Excitation

For the case of a pulse whose duration is short compared to the lifetime we have,
f(t) = 8(¢), (5.22)

which gives F(p — 1/7) = 1, substitution into Equation (5.21), performing the inverse

Laplace transformation and the integration yields [7],

L4ig(t) = 2(11;?2) exp(;t/r) {exp(aZDt)erfc(a\/E)

- exp(azuth)érfc(au\/b—t)} . (5.23)

In the low numerical aperture limit, p — 1, Equation (5.23) takes the form,

Ia(t) = qegoa\/gexp(—t/r) {1 —avrDt exp(ath)erfc(a\/b_t)} : (5.24)

Plots of Equations (5.23) and (5.24) are given in Figure (5.4) for various values of the
absorption coefficient a.

It is clear form Figure (5.4) that the current versus time plots appear to straighten-out
for large values of time and, as such, it is interesting to look at the large time expansion
of Equation (5.24) or (5.23). Expanding the error function complements using [6],

erfc(z) ~ 9‘%‘5’3 (1 = -2—:% 4 ) (5.25)

we obtain from, Equation (5.23),

ego(p — 1)  exp(—t/T)
Tam(t) ~ -2 jﬁ-—l’)‘m(u)~ T (5.26)

and expanding Equation (5.24) gives,

Taife(t) ~ 2;% : efo;ﬁ/ 0, (5.27)
from which it is clear that the temporal behaviour of the large ¢ expansion of the
diffusion current does not depend on the form of the spatial generation function. This
suggests a method for the measurement of the minority carrier lifetime, T, since at
sufficiently long times after injection a plot of In[t3/2I4q(t)] against ¢t will yield a
straight line whose slope is —1/7, independent of the absorption coefficient and the

form of the spatial generation function.

{ This is an important point to note since one might, at first sight, expect the current to vary simply as
I(t) exp(—t/7), the use of which would lead to an error in the measured lifetime.
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Figure 5.4. The photocurrent induced in a semi-infinite Schottky barrier by a short
light pulse as a function of time after carrier injection. The curves shown are for three
values of absorption coefficient, aL = 0.1, L = 1.0 and aL = 3.0. The dotted lines
represent the low numerical aperture approximation given in Equation (5.2%) and the
full lines are from the full theory of Equation (5%65) with a numerical aperture of
sind = 0.6.
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Example (ii): Step and Finite Pulse Excitation
We now move on to consider the form of the junction current due to a unit step in the

incident light intensity where f(t) is given by,

ao={Y 150 (5.28)

For this case we have,

F (p ~ -1-> = —lT (5.29)

T P — p
which upon substitution into Equation (5.21) yields an expression for the diffusion

current as,

Idx.ﬂ'(t) :_lie(i?) /(; {exp(—zo/L)erfc [2\;% - ;]

t| | [exp(-az0) - eXP(“aﬂZO))
L)erf [ “0 ° dzo,
+ exp(zo/ L )erfc |_2\/T)_t + T] } ( 2 20

(5.30)

for the case of low numerical aperture Equation (5.30) reduces to,

Lug(t) = (aqueZgo_ 3 {aL (1 — exp(—t/7) exp(a? Dt)erfc [a\/ﬁ—t}) — erfc [\/z] } :
(5.31)

Again the effect of the numerical aperture on the form of the current versus time plots

ﬂ

is found to be small, and so we show in Figure (5.5) the rise in diffusion current due
to excitation via a low numerical aperture lens.

It is clear that the current rise time is less for the higher values of absorption coefficient,
this is to be expected since at high absorption most of the photo-induced carriers are
generated close to the surface and hence in the vicinity of the surface junction.

It is now possible to calculate the form of the junction current if the laser is suddenly
turned off after the steady state has been reached. The steady state beam induced
signal, in the low numerical aperture limit, can be readily found by letting ¢ — oo in
Equation (5.31), this gives,

gegoa L
— gefot 5.32
Iac (al +1) (5-32)

which is in agreement with previous steady state analyses [8]. The current decay after

the beam is switched off may then be written as,

(5.33)
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Figure 5.5. The rise in the diffusion current immediately after turning on the light
beam. The curves are for various values of the absorption, that is aL = 10.0, aL =
5.0, aL = 1.0 and aL = 0.1.

where Ion is given by Equation (5.31) and t now represents the time following the
switching off of the beam. )

Plots of Equation (5.33) are shown in Figure (5.6), where a straightline asymptote
appears to exist at large values of time, and so once again it is interesting to look at

the large time expansion of Equation (5.33). Expanding the error function complements

as before we obtain,

La(t) ~ Zegoo?L? — 1) exp(—t/7)
off 2ol L2 877

(5.34)

which has the same temporal behaviour as the large ¢t expansion obtained for the delta
function excitation in Equation (5.27). This is to be expected physically since the exci-
tation mechanism should have no effect on the rate of minority carrier recombination,
and so the same conclusions apply with regards to lifetime measurement, that is, a plot
of In[t3/2I4q(t)] against ¢t will yield a straight line whose slope is ~1/7.

For completeness we show in Figure (5.7) the form of the diffusion current against

time for a finite length pulse in the low numerical aperture limit. This is most easilly
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modelled mathematically by summing two equal and opposite step functions separated
appropriately in time.
It 1s clear from Figure (5.7) that the current rise and fall times exhibit the same

dependence on absorption coefficient as in the step function case.
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Example (iii): Harmonic Excitation
A form of excitation which may be easier to produce practically than the delta or step
functions of examples (i) and (ii) is an harmonic modulation of the light intensity. In

this case we can model f(t) as,

f(t) = exp(iwt), (5.35)

where 2 = v/—1 and w is the modulation frequency, since we are only interested in the
modulus and phase of the junction current and not the actual amplitude.t For this
form of temporal excitation we have that,

F (p _ ;1_-) - — (LM), (5.36)

T

substitution of which into Equation (5.21) yields the junction current as,

Tug(t) =2(11;‘?(;) exp(iwt)/o {exp(—u‘.:zo/L)erfc [2\?91% - Q\/g}

¢ _ _ _
+ exp(@zo/ L)erfc [2 zr_—ODt + @ ;]} (exp( @20) Z:XP( auzo)) dzg,

(5.37)

where @ = /1 + 1wr.

Equation (5.37) includes the transient behaviour due to the excitation beginning at
t = 0; we are interested in the steady state limit of Equation (5.37) which may be
found by letting ¢ — oo giving,

_ dego
In(p)

For the limiting case of excitation via a low numerical aperture lens Equation (5.38)

(5.38)

Lua(t) i‘-‘i‘i‘ﬁ-“i] .

wt) 1
exp(iwt) n[aL—{-tD

reduces to,

Lig(t) = (Z—fﬂfé—) exp(iwt). (5.39)

It should be noted here that Equations (5.39) and (5.38) could have been found by
substituting f(¢) = exp(iwt) into the diffusion equation and looking for solutions of
the form Ap(r,z,t) = Ap(r,z)exp(iwt), or by taking the Fourier transform of the
diffusion equation with respect to time. However, we decided to stay with the Laplace
transformation here since it is a more general method giving both the transient and

steady state solutions.

If we were interestefi in the amp.litude it w'ould be easy to extend the results of this section by simply replacing
f(t) with 1 + exp(iwt), or by simply adding the solution of the steady state problem to the one found with
exp(iwt) as the source term since the problem is linear.
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Figure (5.8) shows plots of the modulus of the junction current, as given by Equations
(5.38) and (5.39), as a function of frequency for various absorption coeficients. It is clear
that the focussing of the beam has a greater effect at higher absorption coefficients and
that the modulus of the junction current dies away rapidly with increasing modulation
frequency. The phase of the junction current is shown in Figure (5.9), again as a
function of frequency, for various values of the absorption coeflicient.

Figure (5.9) indicates an alternative method for measuring the minority carrier lifetime,
assuming the absorption coefficient is known, since it is possible to choose some phase
shift and note the excitation frequency w, at which this phase shift occurs for a given
sample, then by simply reading on the plot the value of wr and hence 7 could be found.
This technique has the advantage that it is steady state, and so a better signal to noise

ratio may be expected than in the photocurrent decay methods discussed previously.
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Figure 5.8. The logarithm of the modulus of the junction current as a function of
laser modulation frequency. The dotted curves represent the low numerical aperture
approximation of Equation (5.39), the curves are labelled for values of the absorption

coefficient, aL = 0.1, aL = 1.0 and oL = 3.0.
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Figure 5.9. The phase shift between the junction current and the excitation as a
function of modulation frequency. The dotted curves represent the low numerical
aperture approximation of Equation (5.39) and the plots shown are for absorption
coefficient values of L = 0.1, L = 1.0 and oL = 4.0.
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5.4 Time Dependent Defect Imaging

In Chapters 2 and 3 it was shown how the increased recombination rate at an electrically
active defect in a semiconducting sample leads to a decrease in the beam induced
current, and enables the defect to be imaged in the OBIC mode of the scanning optical
microscope. The analysis in Chapter 3 given was purely for the steady state case.
Here the analysis of defect imaging is extended to include time dependence, resulting
in expressions for the contrast as a function of time, for arbitrary spatial and temporal
generation functions. Step function excitation is considered as an example for the
temporal generation function since we may assume that this represents the sudden
increase in beam intensity seen by each part of the semiconductor as the beam scans
the specimen.

The analysis is very similar to Chapter 3 except that the starting equation is the time
dependent diffusion equation as opposed to the steady state diffusion equation. The
presence of the defect is taken into account by introducing an extra, position dependent,

recombination term into the diffusion equation giving,
Ap(r,t 0
DV2p(r,6) ~ BEE 4 o). f(6) = D ap(e,) + Da(ru(r)dp(e, 1), (5.40)

where v(r) is the defect distribution and u(r) is a step function as in Chapter 3. The
presence of the defect destroys the cylindrical symmetry that existed in the calculation
of the minority carrier distribution and the induced junction current, and so we are
unable to use the Hankel transform. However, we can follow a similar approach to

section 5.1 and make the substitution,
AP(r,t) = exp(t/T)Ap(r,t), (5.41)
which means that Equation (5.40) simpifies to,

DV2AP(r, t) + g(r) - f(£) exp(t/) = %Ap(r, ) + Dy(r)u(t)AP(r,t),  (5.42)

from which the time dependence can be illiminated by use of the Laplace transforma-
tion, AP(r,p), of AP(r,t) as defined in Equation (5.7) giving,

B AP(r,) - AP0 0) = ~ o7 (p- 1) +1(u()AP(En)  (5.43)

here ¢ = /p/D as before. If we choose to consider a semi-infinite Schottky barrier, as
in the previous sections, the Green’s function to Equation (5.43) is given by the three
dimensional equivalent to Equation (5.9), which is [3,5,9],

Girlro,p) = 1 { TRCafe) _ oxploafia) (5.44)
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where Ry 3 = /(z — 29)? + (y — %0)? + (2 F 20)?. The solution to Equation (5.43) can
now be written directly as,

AP(r,p) = = F <p _ %) /V 9(r0)G(r|ro, p) dro — /F +(r0)AP(ro, p)G(r|ro, p) dro.
(5.45)

It is clear that Equation (5.45) is a Fredholm equation similar to that obtained in the

steady state analysis, and so here we make the same approximation as in Chapter 3 by

assuming that the solution to Equation (5.45) can be written as a Neumann expansion

to first order such that,

AP(r,p) =~ APi(r,p) = APo(r,p) - L7(ro)APo(ro,p)G(r|ro,p) dro, (5.46)

where APo(r,p) is the zero order Neumann term or the solution in the absence of
a defect. The minority carrier distribution in the presence of the defect can now be
found by taking the inverse Laplace transformation of Equation (5.46) and applying
the coordinate transformation of Equation (5.41).

We are interested in the diffusion current collected by the surface junction, which is
given by the integral over the surface of the gradient of the carrier distribution, as

defined in Equation (4.1), which may be written in the cartesian coordinate system as,

0o 0o i
I(t) =qu/ / E;Ap(r,t)iz=0 dzdy, (5.47)
that is,

dzdy. (5.48)
z=0

0 =aes-tin) [ [ 5 {e(amcen]

From the form of AP(r,p) in Equation (5.46) it is clear that the current will have two

terms, as in the steady state case, that is,
I(t) = Io(t) — I*(¢), (5.49)

with,

Io(t) =ge eXP("t/"')/V[:_1 [CXP(—QZO)}- (p - —})} g(rg) drg, (5.50)

and,

I*(t) =quexp(—-t/'r)/ L—l[exp(—qz)A’Po(r,p)]'y(r) dr, (5.51)

F

where use has been made of the form of the Green’s function given in Equation (5.44).
The time dependent contrast function, C(t), can now be defined in an analogous way
to the steady state contrast function as,

I*(t)

Io(t)

C(t) = (5.52)
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So far we have been completely general about the form of the spatial and temporal
generation functions; we shall now specialize to the case of a point defect, such that
the defect distribution, y(r), is simply a Dirac-delta function, illuminated by light from
a low numerical aperture lens, such that the spatial generation function, g(r), is given

by the decaying Gaussian approximation of Chapter 3. Substitution into Equations

(5.50) and (5.51) then yields,

Io(®) =ogego exp(—t/r) [ £ [exp(—qzo)f (- 2)| exp-am)da, (559

and,

I*(¢,t) =ﬂ‘£%_7£ exp(—t/r)exp(—{z/cz)/0 /0 exp(—azp) exp(—r3/c?)Io (2620)

TC c
_1 [exp(=gAM1)  exp(—gAs) _ _1
[E { » ” exp(—qd)F | p " rodr,odzo,
(5.54)

where A\1,2 = /72 + (d F 20)?, and Iy is a modified Bessel function of the first kind and
zero order [6]. A scan coordinate, £, has been introduced in Equation (5.54) giving
the separation of the beam and defect and d is the depth of the point defect below the
semiconductor surface.

We can now specailize further by choosing the temporal form of the generation function,
f(t); if we choose this to be a step function as in example {ii) of section 5.3 the

expressions for Iy and I* take the form,

t

Ip(t) = JeJo 1 {aL (1 — exp(—t/7) exp(a? Dt)erfc [a\/ﬁ]) — erfc [ —] } (5.55)

(a2L2___ T

and,

. . o0 oo 2
I*(&,t) = E‘lﬂ:{%’l@exp(—fz/cz)/0 /(; rodrodzg exp(—azg) exp(—rd/c?) 1y ( £r0)

2
C
exp(=X1/L) d+ A\ \/? exp(—Az/L) d+ Ay t
— £ —4/2] = e | =22 _ /2
[exp( d/L) { ™ erfc /Dt " » erfc Wi .
d+ A\ t

L./t d+A2+ t
2V Dt T 2v/ Dt T '
(5.56)

exp(—A1/L)

~A2/L
+exp(d/L){ ™ erfc _ exp(=Ae/ )erfc

A2

Note that Equation (5.55) is the same as obtained in Equation (5.31), this is to be ex-
pected since Ip(t) is simply the junction current in the absence of a defect, as calulated
by use of the Hankel transform, in Section 5.3, example (ii). It is clear from Equations
(5.55) and Equation(5.56) that there is no simple way in which the contrast can be
related to the carrier distribution, as was possible in the steady state case, however it

is straightforward to evaluate the contrast numerically.
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Figure 5.10. The contrast, as a function of probe position, for a point defect located
d = 2L below the surface of a semi-infinite Schottky barrier when aL = 0.4 and
¢ = 0.5L. The curves shown are for various times after the light beam is switched on
and are normalised such that the curve obtained for /7 = 5.0 is unity directly above
the defect, that is at £ = 0.

Figure (5.10) shows the form of the contrast curves obtained from Equations (5.52),
(5.55) and (5.56) for various times after beam switch-on. The case shown is for when
al = 0.4, c=0.5L and a defect depth of d = 2L.

The curve given by ¢t = 57 is identical to that obtained by the previous steady state
theories [10,11], this is interesting since we can now obtain a measure for the time
after which the steady state theories begin to become applicable. In Figure (5.11)
the variation of contrast as a function of time is shown in the form of a surface plot
which gives a good “feel” for the way in which the contrast builds up to it’s steady
state limit, Figure (5.11a) shows the surface plot for a defect at a depth of d = L, and
Figure (5.11b) for a defect depth d = 3L.

It is clear from Figure (5.11) that the steady state contrast is reached after a greater
time for a deep defect. This is an important point to note when using scanning systems

to image electrically active defects since, if the scan speed is too high, the system does
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not have sufficient time to reach it’s steady state limit and a reduced contrast signal
results (10 and Chapter 6]. The halfwidth of the contrast curves in Figure (5.11) also
varies with time and, since this halfwidth is related to the resolution of the defect
imaging system, it follows that the resolution is a function of time after beam switch
on. Figure (5.12) shows the variation of the half width with time, from which it can
be seen that at short times after beam switch on the resolution is considerably better
than that obtained in the steady state limit.

This suggests a way of obtaining improved resolution when imaging defects, since if a
beam chopper was to used to switch the beam on and off and images collected only
at small times after carrier injection an improved resolution image could be obtained.
The main drawback to this technique is that at small times after carrier injection the
maximum contrast is somewhat less than it’s steady state value, which can be seen
clearly from Figure (5.13) where the maximum contrast, C(0,t), is shown as a function
of time.

Figure (5.13) shows that for a deep defect at, say, d = 3L the contrast can take up
to six lifetimes to reach it’s maximum steady state value, whereas for a shallow defect
where d = L the rise time is of the order three lifetimes. This implies that in order
to use the method described above to increase the resolution of the OBIC technique,
and still obtain an adequate signal to noise ratio, some form of contrast enhancement

system may be required.
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(b)

Figure 5.11. Isometric surface plots showing the evolution of the contrast as a function
with time after beam switch on for a point defect in a semi-infinite Schottky barrier

when aL = 0.4, ¢ = 0.5L and defect depths of (a) d = L and (b) d = 3L.
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Figure 5.13. The variation of the maximum
contrast C(0, t) as a function of time after car-
rier injection for the case when al = 0.4 and
¢ = 0.5L. The curves are shown for various
defect depths and are normalised to unity at

the steady state.

Figure 5.12. The variation of the half width
of the contrast function as a function of time
after the light beam is turned on. The curves
shown are for various values of defect depth
and for the case when aL = 0.4 and ¢ = 0.5L.
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(b)

Figure 5.11. Isometric surface plots showing the evolution of the contrast as a function
with time after beam switch on for a point defect in a semi-infinite Schottky barrier
when aL = 0.4, ¢ = 0.5L and defect depths of (a) d = L and (b) d = 3L.
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Figure 5.12. The variation of the half width
of the contrast function as a function of time
after the light beam is turned on. The curves
shown are for various values of defect depth
and for the case when aL = 0.4and ¢ = 0.5L.
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Figure 5.13. The variation of the maximum
contrast C(0, t) as a function of time after car-
rier injection for the case when aL = 0.4 and
¢ = 0.5L. The curves are shown for various
defect depths and are normalised to unity at
the steady state.
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5.5 Conclusions

General expressions have been derived which give the time dependent induced minority
carrier distribution and photocurrent in a semi-infinite Schottky barrier diode due to
focussed light excitation. It was shown that the effects of beam focussing did not greatly
effect the form of the junction. current. Two methods for measuring the minority carrier
lifetime have been suggested; one in which the photocurrent decay is measured after
excitation with a short light pulse, and another where the phase shift between the
junction current and sinusiodal excitation is monitored. It was shown that neither
of the techniques suggested rely on having an accurate knowledge of the spatial form
of the generation function, and so the simpler decaying Gaussian or decaying point
source approximations of Chapter 3 can often be reliably used to model the focussed
light excitation.

A parameter termed the time dependent information depth was introduced and defined
as the depth, d, within which the majority (set as 90%) of the photoinduced minority
carriers exist. The variation of the information depth as a function of time after beam
“switch-on” has been considered, and it was shown that at high absorption in the
steady state limit a lower bound can be put on d of d = 2.3L, where L is the minority
carrier diffusion length, which is in good agreement with previous work [7 and Chapter
3].

General expressions which give the OBIC contrast obtained due to the presence of a
defect in a semi-infinite Schottky barrier diode when illuminated with a time varying
light beam were also derived. It was shown that the resolution of the OBIC technique
is a function of time after beam switch-on and that, by taking data at specific times, an
improved resolution OBIC image may be produced. The special case of laser excitation

has been considered, although it should be noted that the general trends apply equally

well to the electron beam case.



CHAPTER 6:
SCAN SPEED EFFECTS

6.0 Introduction

The use of scanning optical or electron microscopes in semiconductor device character-
ization is now a well accepted technique, with various device goemy{etries being used
to yield information about the semiconducting sample under test [1,2,3]. One common
device configuration is shown in Figure (6.1) where the electron or light beam induced
carriers are injected some distance, ¢, away from a p-n junction located in the z = 0
plane. The induced junction current is then measured as a function of scan position

and attempts are made to extract material parameters, such as the minority carrier

lifetime or diffusion length, from the data [4,5,6,7].

Exciting
beam

-~

I X

ZSurche recombination

p-type n-type velocity vg

Junction

y 4

Figure 6.1. Schematic representation of a p-n juction which is perpendicular to the
semiconductor surface.

Early analyses [4] neglected the role of the surface recombination velocity and merely

assumed that the current, I(£), varied with the junction-beam separation, ¢, as

I1(€) = Ioexp(—¢/L), (6.1)

where L is the minority carrier diffusion length. The effect of the surface recombina-
tion velocity, vs, was taken into account by Van Roosbroeck [8] who gave the Green’s
function for a semi-infinite medium bounded by a surface characterized by the recom-

bination velocity. Van Roosbroeck’s analysis reproduced the results first formulated
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by Bryan [9,10], and later others [11,12], for the equivalent heat conduction problem
[13 p.358]. Specialisation to the cases where electrons or light constitute the exciting
beam were given by Berz and Kuiken [5] and Hu and Drowley [6] respectively. All of
these analyses essentially demostrated that the surface recombination velocity plays
an important role in determining the form of the detected current versus scan position
curve near the collecting junction, and that it is not until ¢ >> L that the shape be-
comes independent of v,, following an exponential form, allowing the diffusion length

to be obtained from the decay rate.

However, the vast majority of these measurements are taken in scanning instruments
but none of the analyses consider the speed at which the exciting beam is scanned
across the specimen surface and the effect this might have on the collected current.
Indeed the only mention of scan speed effects, to our knowledge, was given in 1954 by
Adams [14]. DiStefano [15] necessarily includes scan speed effects in the analysis of
the capacitive detection scheme in his scanning surface photo-voltage system, although
this is quite different from the situations that we are considering here. The neglect
of the scan speed is perfectly resonable at low scanning rates, however we have no-
ticed scan speed dependent effects when examining power transistors in our scanning
optical microscope and, as more real time imaging systems are developed, it becomes
increasingly important to understand how the scan speed can effect the magnitude of
the beam induced current, as well as the shape of the beam induced current line scan
across the surface of a device. The scan speed can also be important in systems where
a photographic record of an image is made by using a much slower scan speed than
for ordinary examination since it is possible for the images to differ considerably in
detail. We should note here that scan speeds of 250m/sec can be realised with TV
rate scanning in scanning optical microscopes using rotating mirror wheels or acoustic

optic deflectors [16].

In the following, therefore, we will analyse the form of the junction current, as a function
of the scan velocity, obtained by scanning a light beam across the p-n geomettry shown
in Figure (6.1). We then extend the analysis and consider the form of the junction
current, as a function of scan velocity, for the semi-infinite Schottky barrier geometry of
Chapters 4 and 5, and show that, as well as affecting the magnitude of the beam induced
current, the scan speed can also modify the form of the contrast curves obtained when
an electrically active defect close to the surface is scanned over. Finally, the results of
an experimental investigation into the effects of scan speed on beam induced currents

are presented.
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6.1 Analysis for Perpendicular Junctions

The beam induced junction current for the geometry shown in Figure (6.1) can be
found via the injected minority carrier distribution, Ap(r,t), as in previous Chapters.
Although here the problem has no radial symmetry and so a cartesian coordinate

system is used, in which the time dependent diffusion equation can be written,

A t
DV2Ap(a,y,5t) - SEELEY 4 g gy 20 = S As(e,9,50), (62

where gv(z,y, z,t) represents the generation function due to the moving beam. The

boundary conditions for the geometry of Figure (6.1) can be written,

0
D_HEAP(‘% Y2, t)

.= v,Ap(z,y, z,t) o (6.3)

=

and,

Ap(z,y,z,t)

where Equation (6.3) characterizes the surface at z = 0 by introducing a surface re-

=0, (6.4)

z=0

combination velocity, v,, and Equation (6.4) takes account of the p-n junction in the
¢ = 0 plane. Initially we shall find the solution for the semi-infinite media and hence
ignore the boundary condition given in Equation (6.4). As in the previous Chapters
we shall adopt a Green’s function approach to the problem, so that the time dependent

Green’s function, G(z|zo, y|yo, 2|20, t|t0), is given by the solution of,

G(mlmo,ylyo,zlzo,t|t0)+
T

6(2: — :Bg)5(y — y0)6(z - 20)5(t — to) =

szG(ZIWOa y|y0’ ZIZo, t|t0) -

i}
atG(wlwo,ylyo,Z|zo,t|to), (6.5)

where the point source is taken to be located at (zo, ¥o, 20, %0). Equation (6.5) is simply
that solved by Bryan [9] and others (e.g., [8,11,12]) and has a solution, which satisfies
the boundary condition in Equation (6.3), given by

o )-SR | S5
{oxe |- 20 0 -5
® z+ 2o 2
EyNE

(6.6)

where S is a normalised surface recombination velocity given by , S = v,/vp with vp

being the diffusion velocity, defined as vp = L/7, and L is the diffusion length.t The

 Note that this definition differs from the normalised surface recombination velocity s, used in the previous
Chapters, by the factor L, that is S = sL. Here the surface recombination velocity is normalised with respect
to the diffusion velocity, vp, to avoid confusion since later in this Chapter we also normalise the scan velocity

with respect to vp.
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from z = —2¢ to z = —00

source @ (2o, Yo, —20)
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Figure 6.2. A graphical representation of the Green’s function for the semi-infinite
media, given in Equation (6.6), showing the two point sources at (o, 0, z0) and
(20, Y0, —20) and the line sink extending form z = —z to z = —oo.

Green’s function in Equation (6.6) can be represented physically in terms of a source
and sink distribution, as commonly used in electrostatic and heat conduction problems

[13 p.255]. The source and sink distribution is shown schematicaly in Figure (6.2).

The first term in the large “curly” brackets in Equation (6.6) represents the source
term at (2o, yo, z0), the second term represents the image source, reflected in the z = 0
surface, at (zo,y0, —20), and the third term can be thought of as representing a line
sinkt extending from z = —2zp to 2 = —oco. The total strength of the line sink is a
function of the surface recombination velocity such that, in the special case of zero
surface recombination velocity, the source and sink distribution reduces to a source at
(z0, Yo, z0) together with an image source at (o, yo, —20), and conversely, in the case of
infinite surface recombination velocity the ditribution reduces to a source at (zo, yo, 20)
and an image sink at (zo, yo, —20).

The effect of moving the beam at some velocity, v, can now be taken into account by
introducing a moving source term relating the space and time variables. Such that, if we

choose to scan in the positive ¢ direction, the point of injection (zg, yo, 20,t0) becomes

(zo + v[t — to],¥0,20,%0). The time dependent Green’s function, due to the moving

$ A sink as used here simply means a source whose strength is negative.
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source, can then be found from Equation (6.6) via this coordinate transformation as,
G(z|zo + v[t — tol,ylyo, 2|20, t|t0). (6.7)

If we assume that the beam intensity is constant in time, and not effected by the
scanning, the temporal form of the generation function can be taken as a constant of
strength unity and so, if we begin scanning at ¢ = 0, the scan speed dependent Green’s
function at time ¢ is given as the int?‘gra.l of Equation (6.7) from to = 0 to o =, that
is,
t
G"(z|207 y|y07 Z'Zg, t) = / G(”'“’O + v[t - tO]anyO’ ZIZ(), tlto) dio. (68)
0

The steady state form of the scan speed dependent Green’s function can then be found

by simply letting the upper limit of the integral in Equation (6.8) tend to oo, giving

o0
Gv(“’lwo,ylyo,2|20)=/ G(z|zo + v[t — to], ylyo, z|20,t[t0) dto. (6.9)
0

t—oo

Using the form of the time dependent Green’s function in Equation (6.6) it is straight-
forward to evaluate Equation (6.9) using the result [17],

/om exp [— (t + g)} =27 9‘1(2‘9, (6.10)

a

to give,

| . .
Gu(z|z0, ¥lyo, 2|20) = D exp (V(——_L—Ol)

exp [~z — 7o) + (v - w)? + (z — =)/ L]
V(e = 20)? + (y — %0)? + (2 — 20)?
exp [~ /(@ — 20)? + (U - 90)? + (= + 20)7/uL]
V(e —20)* + (y — %0)? + (2 + 20)?
95 [ Sp\ &P [—\/(w—wo)2+(y—yo)2+(z+zo+p)2/ﬂL]
L Jo exp<—L) V(z—20)2 + (y—y0)? + (2 + 20 + p)?

+

dp

(6.11)

where v is a normalised scan velocity given as v = v/2vp and p = (1 + v2)~1/2,
Equation (6.11) is the steady state, scan speed dependent Green’s function for the
semi-infinite media. It is clear that by letting the scan velocity v — 0 in Equation
(6.11) we return to the steady state Green’s function given previously [8].

Using the form of Equation (6.11) it is now possible to calculate the scan speed de-
pendent induced minority carrier distribution, Apy(z,y,z), due to the scanning light

beam. Assuming that the width of the exciting beam is small compared to the diffusion
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length, the generation function, g(z,y, z), is given from Equation (3.76) in the limit as

the Gaussian beam width, c, tends to zero that is*

9(2,9,2) = ago §(z — €)6(y) exp(-ac2), (6.12)

where a is the intensity absorption coefficient, and the scan position is given by ¢ as
in Figure (6.1). We can fold the Green’s function of Equation (6.11) with this source
term by noting that the integral in Equation (6.11) represents, as is shown in Figure
(6.2), a line sink extending from z = —2¢ to 2 — —oo, which can be thought of as
a continuous series of point sinks of strengths (25/L)exp[-S(p — z0)/ L] for p > 2.

Thus, integrating one these of sinks against the source term given in Equation (6.12)

_25ag, Sp /” (%)
7 exp( L) A exp(—azg) exp 7 dzg

= —(—3—%‘2—) [exp(—-ap) — exp (—%)] : (6.13)

gives,

Equation (6.13) gives an expression for the strength of the image sink distribution as
a function of the sink position p. The full expression for the induced minority carrier
distribution in the semi-infinite media is given from Equations (6.11), (6.12) and (6.13)

as

Apv(:c,y,z) ___4a7r910) exp ['@f—g]

dzg

/oo ) [~ V@@= e + =0l + (z - 20)*/nL]
0o T e A (-0l F (2 =)

dzg

o0 exp [~z — )7 + (y — 90)? + (= + 20)°/uL]
* ./0 T e - + (s -w)? + (z + 20)?

) (_5—3%13 /0°° (exP(“aP) — exp <_ é’ie))

exp [--\/(fc -+ (y—yo)? + (2 + p)z/#L]
Ve =62+ (y—y0)? + (2 + p)?

dp

(6.14)

Now, we wish to model the p-n junction geometry shown in Figure (6.1) and so we must
take account of the presence of the junction at = 0. This can be done, again by use of

the method of images, by introducing a sink distribution at (—¢,yo,20) corresponding

This is simply the decaying point source approximation as discussed in Chapter 3, see Chapter 3 references
[10,11,12]. '
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to the source distribution at (£,0,20), given in Equation (6.14). The distribution
introduced at (—¢,y9.20) has to be a sink to ensure that the induced minority carrier
distribution is zero in the z = 0 plane, such that the boundary condition of Equation
(6.4) is satisfied. This sink distribution, Ap!,(z,y, z), can be written simply as
Apl(z,y,z) = —-Ap_v(z,y,2) ot (6.15)
where it should be noted that the sink has a negative scan velocity since it is the
mirror image, in the £ = 0 plane, of the source term which has a positive scan velocity.
The full expression for the induced minority carrier distribution, A Py(z,y, z), for the

geometry of Figure (6.1) can now be written directly as
APy(z,y,2) = Apv(z,y,2) + Ap.(z, Y,2). (6.16)

It is straightforward to evaluate Equation (6.16) numerically and Figure (6.3) shows
isometric surface plots of the injected minority carrier distribution, APy(z,y, z), for
the case when a = 0.4um~—1, L = 5.0um and S — 0 in the low scan speed limit of
v — 0.

The surface plots as shown in Figure (6.3) are useful to obtain a “feel” for the shape
of distribution, and, for example, it can be seen from the plots that the boundary
condition of zero carriers at the = = 0 junction is satisfied. However, to see the effect
of the scan speed it is easier to consider contour plots as shown in Figure (6.4). Figure
(6.4a) shows the injected distribution for a scan velocity of v = +2vp, that is scanning
away from the junction at z = 0, and Figuré (6.4b) is for a scan velocity of v = —2vp.
It is clear from Figure (6.4) that the carriers tend to bunch up in front of the advancing
probe and leave a rather spread out distribution in it’s wake.

We are now in a position to calculate the diffusion current collected by the p-n junction

in the £ = 0 plane which is given, as a function of scan position and velocity, as

I(¢) = gD /: /Ooo ;—mAPv(:c,y,z)

. dzdy. (6.17)

r=

Using the form of Apy(z,y,z) in Equation (6.14) we can perform the y integral using
the relationship [18]

[: exp [—\/\bbz;?y;/#L] dy = 2K, (%) ’ (6.18)

where Ko is a modified Bessel function of the second kind and zero order. Using this

together with the Bessel function relationship [18], .

ey wn
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\

(b)

Figure 6.3. Isometric surface plots of the induced minority carrier distribution in
the region of a p-n junction for the low scan speed limit and when a = 0.4um™!
L =50um, S — 0and (a) £ =1.0um and (b) £ = 2.0um.

3 T
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Figure 6.4. Contour plots of the induced minority carrier distribution for the case
when a = 0.4um™~!, L = 5.0um, § — 0 and (a) a scan velocity of v = +2vp and (b)
v = —2vp. The contour numbering is such that a high contour number corresponds
to a high carrier concentration and the contours are the same in (a) and (b).
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where K is a modified Bessel function of the second kind and of order one, the junction

current can be written,

0= 2y ()| 7 [ oo {

+ [\\//6; i::) /ILL] } dzodz

8 [ [ o= ()] 2L o
—vp [/Ooo /Om exp(—azo) {Ko [\/62 +(z - 30)2/ML] |

+ Ko |[VE + (2 + 20)2/uL] } dzodz

—(S%iL—) /Ooo /;oo [exp(—ap) — exp <-§Z’3)] Ko [\/52 +(z+ p)Z/ML] dez] }

(6.20)

This rather complicated result can be simplified by reducing the double integrals to
single integrals by integrating by parts using,

/°° /oof(ﬁ,z + ZO)CXP(-azo)dzodz
0 0
1 [ 1 [
= - z)dz F — zp) exp(—azp) dz .
> [ HendT s [ ) exp(-am)dz (521)

where,

K: [V + (2 £ 20 /ul]
VE + (2% 20)?

In Equation (6.21) we have used the symmetry in 2z and zo which allows us to write,

f(€,z2x20) = or, [\/62 (z £ 2p) /[LL] (6.22)

o 0
9. f(62 £ 20) = £5-f(¢,2 £ ). (6.23)

This enables Equation (6.20) to be simplified considerably, and yields the final expres-

sion for the scan speed dependent induced junction current as,

10 <y () [ foecan-sn (-2))

{£K1 [\;\/Z__-:__—Z_zz/ﬂl;] — pv Ko [\/5—24-—;02/”’1;]} dp,

(6.24)
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Figure 6.5. The logarithm of the junction current induced by the scanning light spot
as a function of junction-beam separation for the case of low scan speed and when
(a) S = 100 and various values of the absorption coefficient, and (b) aL = 10.0 and
various values of the surface recombination velocity.

which reduces, in the low scan speed limit of v — 0, to the expression previously

derived by Hu and Drowley [6].

Equation (6.24) is straightforward to evaluate numerically and, before we discuss the
scan-speed effects, it will be useful to consider the roles of attenuation, a, and surface
recombination velocity, S. Figures (6.5a) and (6.5b) show, for the slow scan speed
limit (v — 0), that for increasing attenuation or recombination velocity the greater is

the initial curvature of the ln[I}J(f )] versus position curve, and hence inacurracy in the

simple I(¢) ~ exp(—¢/L) approximation.
The special case of either S — 0 or a — 0 is of interest since the expression for the

current in Equation (6.24) can then be reduced to

y o [ K;|\/E +p?/pL
I(£)=?§§9exp(-—,.§)/o ¢ 1[\/57455”]
~uwKo |[VE+ 5 /uL]} dp,  (6.25)

which may be dramatically simplified by use of the Sonine formula [18 p.417] to give,

I(€) = qgop(l — pv)exp (— Lir) , (6.26)

where,

that is,
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Lo L[V, (6.27)

Lg L

It is clear that in this case the current response is indeed of the exponential decay

form, but that the “effective” diffusion length, L.g is a function of both the scan speed
and scan direction (that is, the sign of v). By taking the two extreme values of the
effective diffusion length, that is the values obtained when scanning towards and away
from the junction, we obtain two equations from which both the values of the diffusion

coefficient, D, and lifetime, 7, can be found independently. By simple algebra we find
that, |

v

b= (1/Lz - 1/Ly)

(6.28a)

and,

o= Da)

v

(6.28)

where Ly and Ly are the values of the effective diffusion length when scanning away
from and towards the junction, that is, v positive and negative respectively. The
actual diffusion length is then given simply as L = /L;L;. Equations (6.28a) and
(6.28b) agree with those quoted by Adam [14] and illustrate an advantage of situations
where the scan speed is important, since usually we have two unkowns in the diffusion
equation, D and 7, and by being able to vary the scan speed, if only in direction, we
have two simultaneous equations from which D and 7 can be obtained independently.
This is illustrated in Figure (6.6) where the effect of the scan direction on the systems
| response is shown when the surface recombination velocity is zero.
The relatively straightforward way of obtaining D and 7 outlined above does not, of
course, apply in general for nonzero S. In these more general cases the full expression of
Equation (6.24) must be used and more sophisticated curve fitting routines are needed.
Figures (6.7a) and (6.7b) illustrate the form of the response which will be obtained
for two values of the surface recombination velocity and attenuation coeflicient. It
is interesting to note just how much of an effect the scan speed can have in certain
circumstances.
The size and direction of the scan velocity also determines the value of the junction
current, I(¢), when the beam is directly over the junction, that is £ = 0, since then the

current is given, from Equation (6.24) as,

I(0) = qgop [1 - WL(;': oI) /Ooo {Sexp(—ap) — aLexp (—%’3) } Ko (;ﬁ) dp] ,
(6.29)

which can be further simplified by performing the integration [17] to give,
2 h{apL} —aLh
1(0) = qgop [1 - fru (S {opl} - o {”S})] (6.30)

s —alL
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Figure 6.6. The logarithm of the photo-induced junction current as a function of

beam-junction separation for various values of the normalised scan velocity, v, and
for the case when S§ — 0.

Here the function & is defined as

V1-82"’

In ﬂ+\/ﬂ’-—1’
L\/ﬂz—l for 8 > 1.

Equation (6.30) is plotted in Figure (6.8) where the asymmetry of the curves for neg-

cos” (B) for B < 1;

h{B} = (6.31)

ative and positive scan velocities is clearly visible. It should be noted that the curves
in Figure (6.8) are normalised such that I(0) = 1 when the scan velocity is zero. In

the special case of zero surface recombination velocity Equation (6.30) reduces to

1(0) = ggop(1 — pv), (6.32)

which is plotted as the S = 0 curve in Figure (6.8a).

Far away from the junction, where ¢ > pL, we may obtain an approximate expression
for the rate at which the junction current decays with beam-junction separation, ¢,
given in Equation (6.24), by exploiting the rate at which the Bessel functions decay as
the argument increases. That is, since we are assuming ¢ >> uL it follows that, when

p is significantly greater than zero the argument of the Bessel functions will be very
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Figure 6.7. The logarithm of the junction current as a function of scan position and

for various values of the normalised scan velocity when (a) S = 10.0 and oL = 10.0
and (b) S =100.0 and oL = 0.4.
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Figure 6.8. The variation of the junction current, I(0), for zero beam-junction sep-
aration as a function of the normalised scan velocity v. (a) is for various values of
surface recombination velocity when aL = 12, and (b) is for various values of the
absorption coefficent when S = 10.0.

large, and so the integrand very small. In this case, for the Bessel functions to exist,
we can make the approximation that \/¢2 + p?/uL ~ ¢/uL which allows us to remove
the Bessel functions from under the integration sign in Equation (6.24) and evaluate

the resulting integral analytically to yield,

1032 (4 Do (D)0 () wm ()] o

from which it is clear that the surface recombination velocity appears only as a premul-
tiplying factor and so does not influence the shape of the In{I(£)}.vs.{ curve. If we

now allow £ to be sufficiently large such that we can make the additional approximation,

9 § wpl €
() = (i) = VR e (5) (6:34

we can write Equation (6.33) as,

I(¢) = qg90(1 — pv) 2:: ( Ly %) exp (— Lir) 3 (6.35)

where L.g is given by Equation (6.27). This suggests that a plot of In [\/Zl(f)]
against ¢ should be a straight line whose gradient is 1/ Leg, and so if we are sufficiently
far away from the junction we can use the technique described earlier to measure D
and 7 independently, without knowlédge of the surface recombination velocity. The

asymptotic expansions given in Equations (6.33) and (6.35) also suggest that in many
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cases it is better to plot In [/€ - I(£)| rather than the more accepted In[I(£)] when
presenting results and measuring material parameters.

Figure (6.9) shows a typical plot, in the slow scan speed limit, where the Bessel function
solution of Equation (6.33) is seen to be a very good approximation for ¢/L > 1. If we
include scan speed effects we obtain curves as shown in Figure (6.10), again the Bessel
function solution is the better overall approximation but, if we are able to take data
sufficiently far from the junction, we see that the exponential approximation becomes

resonably parallel to the full curve and hence a valid approximation.
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Figure 6.9. The logarithm of /€ - I(¢) as a function of £ in the slow scan speed limit
for the case when S = 100 and aL = 12. Curve (a) is plotted from the full expression
of Equation (6.24), curve (b) is the Bessel function approximation of Equation (6.33)
and (c) is the exponential approximation of Equation (6.35).
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Figure 6.10. The logarithm of /¢ - I(¢) as a function of £ for the case when S =
10.0, aL = 12.0 and a normalised scan velocity of ¥ = 0.5. Curve (a) is from the
full expression of Equation (6.24), curve (b) is the Bessel function approximation of
Equation (6.33) and (c) is the exponential approximation of Equation (6.35).
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6.2 Analysis for Schottky Barrier Diodes

In the previous section the effect of the beam scan velocity on induced current mea-
surements of semiconductors was condsidered and it was shown that, for the geometry
of Figure (6.1), the rate of scanning could have a considerable effect on the form of the
beam induced current. Another device which is often used for beam induced current
measurements is the shallow p-n junction or Schottky barrier diode geometry, discussed
in Chapters 4 and 5 in connection with steady state and time dependent beam induced
current measurements. Therefore, in this section, we extend the methods of the previ-
ous section to include a scan speed dependent analysis [19] of a shallow p-n juction or
Schottky barrier.

We can model the effect of the scan velocity in exactly the same way as for the perpen-
dicular junction geometry_d;hat is, beginning with the time dependent Green’s function
for the semi-infinite Schokkty barrier diode and introducing a source term moving with
a velocity v. Following this technique gives the scan speed dependent Green’s function,

Gv(z|zo,y|yo, z|20), for the Schottky barrier geometry as t

exp (“5720) (exp [~ v/{z — 20l + (v~ 90)? + (2 — 20)?/uiL]
“D | V(z —20)? + (v —30)* + (z - 20)?

exp [~v/{& — 20l + (¥ — W) + (= + 20)°/uL]
Vi(E—=z0)? +(y —90)2 + (2 + 20)?

Gv(:B'mO’nyO’ Z|ZO) =

(6.36)

where p and v are as before. The scan speed dependent induced minority carrier dis-
tribution in the Schottky barrier can be found by folding Equation (6.36) with the
source term. Since the form of the Green’s function for this geometry is slightly sim-
pler than in the perpendicular junction case we can use the more realistic decaying
Gaussian approximation of Chapter 3, Equation (3.76), to represent the source term,
rather than the decaying point source approximation as used in the previous section.
Performing the integrations is straightforward, and a section, taken throught the re-
sulting distribution in the y = 0 plane, is shown in the form of a contour plot in Figure
(6.11).

It is clear from Figure (6.11) that, in both cases, the distribution peaks some distance
below the surface, this is to be expected owing to the infinite surface recombination

velocity [Chapter 3]. The main effect of the scan speed, however, is to produce an

This is siﬁ;ply the Green’s function of Equation (6.11) evaluated in the the limit as § — oo since the recom-
bination velocity at the surface junction is infinite.
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20 um 20pm

Figure 6.11. Contour plots of the photo-induced minority carrier distribution for the
case when a = 0.4um~!, L = 10.0um and a Gaussian half width of ¢ = 0.5um.
The contour notation is such that a high contour number represents a high carrier
distribution, (a) is for the low scan speed limit of v — 0 and (b) is for a scan speed
of v/vp = —1.0 that is for the beam scanning from right to left.

asymmetric carrier distribution with the carriers tending to bunch up in front of the
advancing probe and leave a rather more spread out cloud in its wake.

Having found the excess minority carrier distribution due to the scanning probe we
are now in a position to calculate the beam induced diffusion current collected at the
surface junction. A general expression for the diffusion current is given in Chapter
4, Equation (4.1), which in the present case reduces to Equation (5.47) of Chapter 5,

from which the scan speed dependent diffusion current is found to be,

 po0 poo Ky |22+ 2z3/uL
IO — gqgg/ / exp(—azo)exp (ZLE) [ ] d(BZOdZO, (6.37)
0 —00

wuL z? + 23

where K is a first order Bessel function of the second kind. It is clear from Equation
(6.37) that the lateral form of the exciting beam, in this low numerical aperture approx-
imation, has no effect on the collected current, but, that the magnitude of the collected
current depends on the magnitude of the scan velocity although not it’s direction.

Figure (6.12) shows a plot of the diffusion current as a function of normalised scan
velocity for a selection of diffusion lengths, from which it is clear that the photo-induced
current is a strong function of the scan velocity especially at long diffusion lengths. This
variation in the collected current may at first appear somewhat surprising, considering
the infinite extent of the surface junction; but the junction current depends on the
gradient of the induced minority carrier distribution at the surface and, from Figure

(6.11), it is clear that this is indeed a function of the beam scan velocity.
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Figure 6.12. The photo-induced diffusion current collected by a semi-infinite Schottky
barrier as a function of the beam scan speed for various diffusion lengths.
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8.3 Effect of Scan Speed on Defect Imaging

After showing that the scan speed can effect the form of the collected photocurrent in
both planar and perpendicular p-n junctions it is interesting to ask how the scan speed
effects the form of the contrast obtained as an electrically active defect is imaged in
the OBIC mode of the scanning optical microscope.

To investigate this effect we will consider a point defect in a semi-infinite Schottky
barrier, since then we know that the modified minority carrier distribution, due to
the presence of the defect, is given by the Neumann expansion to first order of the
Fredholm integral equation given in Chapter 3, Equation (3.49). Since there is no
radial symmetry here we can not apply the results of Chapter 3 directly, although the
calculation for a point defect in the cartesian coordinate system is straightforward [19]

and gives an expression for the scan speed dependent contrast, Cy(&,a), as

Cy(€,0) = A(v,a) - exp (-—) / / exp(—azo) exp ( )Io{<i§ T %) m}

exp [~V + (e = 0] /pk| exp|-VEH(a+ 20)? /L]
Vr§ + (a - 20)> Vr§ + (a+ 20)?

rodrodzo,

(6.38)

where, as before, a is the defect depth and Ip is a modified Bessel function of the first

kind and zero order. The scan position independent premultiplication factor, A(v,a),

is given by
fo's) Kl[v:zz-{-a /#L]
— oo EXP dz
A(v,a) = 2% . I )~ (6.39)

27 c? fo f_. exp(—-azo)exp( vp ) Ky [v\;jiz:/uL] dpzodzo

where p is an integration variable. It is clear from Equation (6.38) that for non zero
scan speeds the contrast is no longer an even function of ¢, the laser-defect lateral

separation, that is,
Cv(¢,a) # Cv(=¢,a). (6.40)

We can also see from the argument of the Bessel function in Equation (6.38) that
the direction of scanning is important. These observations suggest that, for non-zero
scan speeds, the contrast curves will be asymmetric. Figure (6.13) shows the contrast
curves, obtained from Equation (6.38), for a variety of scan speeds when the point
defect is located 2um below the semiconductor surface.

The asymmetry in the contrast curves is clear from Figure (6.13) as is the fact that

the maximimum in the contrast does not occur directly over the defect ({ = 0). This
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Figure 6.13. The contrast as a function of probe position, for various values of scan
velocity. The case shown is for when a = 0.4um™!, L = 10.0um, ¢ = 0.5um and a
defect depth of a = 2.0um.
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Figure 6.14. The variation of the premultiplying factor A as a function of the scan
speed for various values of the diffusion length. The case shown is for when a =
0.4um=!, c = 0.5um and s defect depth of a = 2.0um.
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offset in the contrast peak becomes greater at higher scan speeds. The magnitude of
the contrast is also reduced with increasing scan velocity, which is primarily due to the
variation of the premultiplying factor A with v, this can be seen from Figure (6.14)
where A is plotted as a function of the scan velocity for a selection of diffusion lengths.
The effect of the diffusion length on the contrast at a fixed scan velocity is shown in
Figure (6.15a) where it can be seen that the general shape of the curves is independent
of the value of L and so the resolution is not limited by the diffusion length, which
agrees with the results of Chapter 3.

So far we have only considered defects at a depth of 2um, and so in Figure (6.15b)
we show how the contrast curves vary as a function of defect depth, again for a fixed
value of the scan velocity. It is clear from Figure (6.15b) that the maximum contrast
occurs for defects located around 1um beneath the surface, the reason for this is that
the contrast is determined by the form of the carrier distribution, as shown in Chapter
3, and for the case of infinite surface recombination velocity that we are considering
here the distribution peaks about 1um beneath the surface, as can be seen from the

surface plots in Chapter 3.
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Figure 6.15a. The variation of the contrast with scan position for various values of
the diffusion length. The curves are for the case when a = 0.4um™1, ¢ = 0.5um,
a = 2.0um and a scan speed of v/D = 0.2um™t.
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Figure 6.15b. The variation of the contrast with scan position for point defects at
different depths, again for the case when a = 0.4um™!, ¢ = 0.5um, v/D = 0.2um™!
and a diffusion length of L = 10.0um.
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6.4 Experimental Investigation of Scan Speed Effects

One common device in which we have observed scan speed effects is the Texas Instru-
ments BU500 power transistor. For the purposes of OBIC investigations a cross section
of the device may be represented by Figure (6.16) where the laser probe is shown scan-
ning across the base-emitter junction, with the OBIC signal being monitored via the
base and emitter contacts.

Figure (6.17) shows a combination of reflected light, at the top, and optical beam
induced current (OBIC) images of the portion of the device shown schematically in
Figure (6.16), where it is clear that the brightest parts of the OBIC image correspond
to the location of the base-emitter p/n junctions. For quantitative analysis it is, in
general, easier to consider line scans across a device, and Figure (6.18) shows the line
scans corresponding to Figure (6.17), here the upper trace is the reflected light and the
lower trace is the beam induced current.

It can be seen from the lower trace in Figure (6.18) that the OBIC line scan across the
device is asymmetric, however as can be seen from the upper trace and Figure (6.16)
the device itself is symmetrical about the base finger. This effect is shown clearly
in Figure (6.19) where we show two OBIC line scans of the same part of the device,
however, the top trace was obtained by scanning from right to left and the bottom by
scanning left to right across the device.

We can investigate the effect of the scan speed on the OBIC image by considering just
one side of the base finger and observing scans in opposite directions, differences in
which can be seen by superimposing the two traces. Figure (6.20) shows a series of such
images for decreasing scan speeds; at the highest speed, shown in Figure (6.20a), the
difference in the OBIC traces is clearly visible, however, as the scan speed is decreased,
which in our object scanning system means the magnification is increased, the traces
become less different until at the lowest scan speed , shown in Figure (6.20e) the traces
are identical (a full trace could not be obtained for this case as the magnification was
too high).

It is interesting to note just how large an effect the scan velocity can have on the beam
induced current images, even at the relatively low speeds used in obtaining these OBIC

traces in a stage scanning microscope.
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6.5 Conclusions

We have shown how the speed of scanning in a scanning optical microscope can effect
the photoinduced currents collected by junctions both perpendicular and parallel to a
semiconductor surface. The main reason for this is that the beam induced minority
carrier distribution for a non-zero scan velocity becomes asymmetric, which leads to a
scan speed dependent photocurrent. The magnitude of the effect is characterized by
the ratio of the scan velocity to the diffusion velocity and, if this ratio is made very
small, the scan speed effects will be unimportant and reliable results can be obtained by
setting v = 0 in the theories. However, a typical value [20 p.191] of the diffusion velocity
in silicon with doping in the region of 1017¢m =3 is about 4m/sec, which is comparable
with scan speeds attainable as discussed in the introduction to this Chapter.

The scan speed was also shown to have an effect on the contrast obtained as a point
defect in a Schottky barrier was scanned over. The main results being that the mag-
nitude of the contrast is decreased with increasing scan speed and that the position of
maximum contrast is shifted laterally from directly above the defect as the scan speed
increases.

The general trends of the experimental results agreed with the predictions of the theory,
although the theories of both section 6.2 and 6.3 are not directly applicable since neither
of the geometries considered represents that of the BU500 power transistor. In order to
model the actual device with any degree of certainty it would be necessary to construct
a computer based numerical solution to the diffusion equation which could take into
account the complicated boundary conditions of a real device.

Finally, it should be noted that although the analysis has been for the case of optical
beam induced currents the general trends will also, of course, be present in the electron

beam case.



CHAPTER 7:

TIME DEPENDENT
PHOTOLUMINESCENCE

7.0 Introduction

One of the main attractions of using light or electron beams to excite current carriers in
semiconductors is to try and measure material parameters nondestructively in whole
unprocessed wafers. So far in this thesis we have discussed various techniques for
the measurement of the minority carrier diffusion length or lifetime, such as the use of
Steady State Beam Induced Currents in Chapter 4 and Time Dependent Beam Induced
Currents in Chapter 5, however a major problem associated with both of these methods
is the necessity for a rectifiying contact to be made to the specimen. The need for a
rectifying contact arises since we have, in some way, to measure some property of the
induced minority carrier distribution as a function of position in the wafer. The most
convenient way to make the contact on an unprocessed wafer is, in general, to evaporate
a suitable metal onto the surface to produce a Schottky barrier diode, or by use of a
liquid electrolyte as mentioned in Chapter 4. However, for a measurement technique
to be truely nondestructive we would, idealy, like to examine some property of the

induced minority carrier distribution without making contact to the sample at all.

One such method for investgating the minority carrier distribution is via a capacative
detection system, proposed by DiStefano [1], where a plate is positioned parallel to the
semiconductor surface and the capacitance of the system measured as a function of the
beam position. Another method relies on a radiative recombination being present in the
sample since, if the cross-section for this recombination is high enough, the released light
can give rise to a photoluminescence signal, the intensity of which can be measured by
a suitable photodiode or photomultiplier [2,3,4]. In Chapter 2 high resolution scanning
photoluminescence images of InP are shown, where it is clear that it is possible to
resolve defects with dimensions of the order, or less than, one micron. This agrees
with the predictions of the steady state theory for photoluminescence defect imaging,
as described in Chapter 3. However, following the same arguments as presented in
the introduction to Chapter 5, were time dependent beam induced currents where

considered, it becomes clear that in order to use this photoluminescence technique to
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measure the minority carrier lifetime a time dependent theory for the generation of the
signal is required.

Previous authors [5,6,7] have considered this problem, although in each case the analysis
have been somewhat misleading since it is claimed the situation modelled is that where
a focussed light beam is incident on the semiconductor surface. However, in the analyses
either a point source [5] or the decaying point source approximation [6,7] is used to
represent the spatial generation function and, as shown in Chapter 3, the minority
carrier distribution predicted by such approximations is somewhat different from that
given by a focussed light beam. For this reason the form of the photoluminescence
signal predicted by the previous theories is expected to differ from that predicted by
an analysis including focussing effects.

Therefore, in the following, we extend the previous work and calculate the photolumi-
nescencent signal generated by a semi-infinite semiconductor slab when illuminated by
- an arbitrary, time varying, radially symmetric exciting beam. We then specialise to the
practically important case of a focussed light beam. The analysis is for a three dimen-
sional sample and makes use of the radial symmetry of the problem by introducing, as
in previous Chapters, the Hankel transform of the induced minority carrier distribu-
tion. Finally, three important examples for the temporal form of the light beam are
considered, these are; (i) Delta function excitation, (ii) Step and finite pulse exciation,

and (iii) Harmonic excitation.
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7.1 Time Dependent Photoluminescence Theory
The time dependent photoluminescence signal, P(t), can be found from the time de-
pendent equivalent of Equation (3.63) of Chapter 3, which, in the absence of internal

absorption of the luminescence, can be written,

P(t) /0 ” /O " Ap(r, 2, t) rdrdz, (7.1)

where Ap(r, z,t) is the time dependent minority carrier distribution. It is straightfor-
ward to find Ap(r, z,t) since it is simply the solution of the time dependent diffusion
equation, given in Equation (5.2) of Chapter 5, subject to the relevant boundary con-
ditions. If we choose to consider a semi-infinite semiconductor bounded by a surface
which is charaterized by a surface recombination velocity, v,, the boundary conditions
are given in Equations (3.7a) and (3.7b).

Other authors have proceeded from this point, using the cartesian coordinate system,
to either integrate the three dimensional diffusion equation over z and y [7] to give
a one dimensional problem, or to find the three dimensional Green’s function of the
diffusion equation and fold this with a three dimensional source distribution. However,
it is clear that the problem has a natural cylindrical symmetry, which we will exploit by
use of the Hankel transform of the minority carrier distribution, Ap(v, z,t), as defined
in Equation (4.2) of Chapter 4. The expression for the photoluminescence, given in

Equation (7.1), can be then written,

P(t) o /O ” /0 ” /0 " AB(v, 2, t)Jo(vr) vdurdrdz, (7.2)

which, evé.luating the integrals in r and v yields,

P(t) /000 Ap(0, z,t) dz. | (7.3)

The function Ap(0, z,t) is simply the solution of the transformed diffusion equation

evaluated in the limit as the transform, v — 0, that is,

9 Ap(0, 2, ¢)
Daz2 Ap(0,z,t) — -

where, as in previous Chapters, (v, z) is the Hankel transform of the spatial part

+3(0,2)- f(6) = 2080, 8),  (14)

of the generation function and f(t) is the temporal part of the generation function.
It is interesting to note here that to obtain the three dimensional photoluminescence
signal we only need to solve the one dimensional diffusion equation, this is clearly a
consequence of the symmetry of the problem. Equation (7.4) can be simplified by

introducing the transformation

AP(v,z,t) = exp(t/7) AB(v, 2,t), (7.5)
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since then Equation (7.4) becomes,

D%AP(O,z,t) + 3(0,2) - f(t)-exp(t/T) = %AP(O,z,t), (7.6)

from which the time dependence can be removed by use of the Laplace transformation,
defined as,

[,[AP(V, z,t)] = AP*(v,z,p) = /000 exp(—pt)AP(v,z,t)dt, (7.7)

with £ again denoting the Laplace transformation operator. This allows the diffusion

equation to be finally written in the form,

6? * 2 * — 1_ * 1
a—zfAP (O,z,p) - ¢*AP (0’271’) = _59(0’2) - F (P - —') ) (7'8)

T

where F*(p) is the Laplace transformation of the temporal generation function, f(t),
and ¢ = /p/D. Solving Equation (7.8) for AP*(0,z,p) subject to the transformed
boundary conditions is straightforward, since it is simply Equation (3.12) of Chapter

3, and so we obtain,

1 1 *°
AP*(0,z,p) = BF* (p - ;) / G(p, z|20)3(0, 20) dzo, (7.9)
0
where the Green’s function is given, from Chapter 3, Equation (3.14), as
(o, sln) = £ {explalz — wol] + (152 ) expl-ate+ ) |, (720
q q+s

here s is the normalised surface recombination velocity given by s = v,/D. Integrating
Equation (7.9) over z to obtain an expression for the photoluminescence, as indicated
in Equation (7.3), yields

F+(p—1/7)
P

/oco {1 - <qis) exP(—qzo)} 5(0,20)dzo] L (7.11)

Equation (7.11) is a general expression for the photoluminescence, due to arbitrary spa-

P(t) %exp(—t/r) L1 [

tial and temporal generation functions, generated from a semi-infinite semiconducting
slab.

We are now in a position to choose the form of the spatial and temporal generation
functions, g(r,z) and f(t). If we choose to illuminate the sample with light from a high
numerical aperture lens the form of g(r,z) is given in Equation (3.1), and the form of
(0, z) from Equation (4.15), of Chapter 4, repeated here as,

_ g exp(—az) — exp(—apz)
3(0.2) = 5% : b (1.12)
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where u = (1+2¢), e= (sin2 )/4 and sin @ is the numerical aperture of the objective
lens. It is clear from Equation (7.12) that g(0,z) cannot be represented by a simple
exponential decay if the focussing effects are to be taken into account, as claimed by
some authors [6,7]. However, in the limit of very low numerical apertures, that is

sinf — 0, Equation (7.12) reduces to,

3(0,z) ~ o;_go exp(—az), (7.13)

T

which is the form of §(0, z) that will be produced for any beam shape which can be

represented in the form

g(r,z) = R(r) - exp(—az), (7.14)

since then, -
g(0,2) = {/{; R(r)rdr} exp(—az). (7.15)

The form of the photoluminecence signal predicted from Equations (7.11) and (7.12)
can now be demonstrated by considering various forms for the temporal generation
function. In the following examples we consider the three important cases of; (i) Delta
Function Excitation, (ii) Step and Finite Pulse Excitation, and finally (iii) Harmonic

Excitation.
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Example (i): Delta Function Excitation
For a light pulse which is very short compared with the minority carrier lifetime the

temporal form of the generation function can be written as,

f(t) = 6(t), (7.16)

where §(t) is the Dirac-delta function. From Equation (7.16) we see that F*(p—1 [T) =
1 and so substitution into Equation (7.11), together with the form of g(0,z) from

Equation (7.12), gives an expression for the photoluminescence as 8],

P(t) xexp ({) /0 ” {erf (ﬁ’ﬁ) + exp(s2Dt) exp(szo)erfc (2 ;(')DE + sx/z‘ﬁ) }
(exp(—azo)—exp(——ap,zo)> o, (117)

z

where erf is an error function, erfc is an error function complement and we have used
the inverse Laplace transformations tabulated in Carslaw and Jeager [9 p.494]. It
should be noted that Equation (7.17) reduces to that given by other authors [6,7], by
more complicated means, for the special case of sind — 0.

If the expression in Equation (7.17) is normalised to it’s value at ¢ = 0, given by

P(0) ‘/0°° §(0, z9) d=o, (7.18)

and we take the limit of the resulting expression for low surface recombination velocity,
that is s — 0, we find that, independent of the generation function, we obtain a simple

exponential decay for the normalised photoluminescence, that is,

Pt) =ew ("i') , (7.19)

P(0)
and so the minority carrier lifetime, 7 may be measured simply from the decay of the

normalised photoluminescence signal. On the other hand if the surface recombination

is very high we obtain,

Bgl ) fooo erf (ﬁ;ﬁ) §(0, 29) dzo . __E
p(o) 8500 - f;o Q(O, Zo)dZo P ( 7-) ’ (720)

and the decay is clearly nonexponential in time.

Figure (7.1) shows the form of the photoluminescent decay after a short light pulse, as
given by Equation (7.17) for the case when sL = 10.0, aL = 1.0 and for three different
values of the numerical aperture. It is clear that, under these circumstances, the

focussing action of the beam does not effect the shape of the decay curves, and indeed

:f we had normalised the signal and plotted P(t)/P(0), the curves would have been
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Figure 7.1. The logarithm of the photoluminescence signal as a function of time after
a short light pulse. The case shown is for when sL = 10.0, aL = 1.0 and numerical
apertures of sinf — 0, siné = 0.6 and sin8 = 1.0.

indistinguishable. This is due to the value of the absorption coefficient, o, which means
that, over the range of integration in Equation (7.11) where the integrand is significantly
different from zero, Equation (7.12) éan be approximated by the simple exponential
decay, §(0, z0) ~ exp(—az). Evaluating Equation (7.11) in this low numerical aperture

limit gives,

% o =e_32_‘_1:£_——t_7/)1'_) {s exp(a?Dt)erfc [a\/ﬁ]

—a exp(s?Dt)erfc [s\/ﬁ] } ,  (7.21)

this is just as obtained previously [6,7). It is clear that the curves in Figure (7.1)
appear to become straight at large values of t/7 and, as such, it is interesting to
look for a large ¢t expansion for the photoluminéscence. Expanding the error function
complements, using Equation (5.25) of Chapter 5, gives
P(t) _sta exp(—t/7)
P(0)|yjrpr osv/m Mt

and hence the response remains nonexponential even at large values of ¢, although

(1.22)

clearly it is possible to measure the lifetime, 7 by simply plotting In [v/¢ - P(t)/ P(0)]

against t at large values of time.
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Having shown that at high values of attenuation the photoluminescence decay can be
well modelled by ignoring the focussing effects, it is interesting to ask how accurately
the results are predicted if we take an even more idealized generation function. For
example, if we assume that generation takes place at one point on the surface, the

generation function can be written,
3(0,2) = §(z2), (7.23)

which, upon substitution into Equation (7.11), yields

%’% = exp ({) exp(s? Dt) erfc(sv/ Dt). | (7.24)

Again expanding the error function complement for the large ¢/7 limit gives,

P(t)

1 exp(—t/T)
P(0) (7.25)

t/r>1 8\/;; \/Z ,

which clearly has the same temporal behaviour as in Equation (7.22).

Figure (7.2) shows the normalised photoluminescence decay after a short light pulse
for two values of surface recombination velocity and various values of absorption, the
special case of high absorption, where the generation function is given in Equation
(7.23) is shown as the dotted curve.

It is clear that the point source idealization is more reliable at low values of surface
recombination velocity and, as we have seen from Equation (7.19), the results are

identical when s = 0.
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Figure 7.2. The decay of the normalised photoluminescence signal generated in a
semi-infinite semiconductor after a short light pulse. The case shown is for various
values of the normalised absorption coeflicient, A = aL, and when (a) sL = 1.0 and
(b) sL = 10.0. The dotted curves represent the decay as predicted by the simple
point source approximation of Equation (7.24).
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Example (ii): Step and Finite Pulse Excitation
We now move on to consider the form of the photoluminescence signal due to a sudden

increase in the light intensity such that f(¢) is given by Equation (5.28) of Chapter 5,

F* (1 - l) -1 (7.26)

T p—;

Substitution into Equation (7.11) yields an expression [8] for the normalised photolu-

and hence,

minescence signal which is plotted in Figure (7.3) for the low numerical aperture limit,
since it is found again that the focussing of the beam does not effect the shape of the
normalised response. The curves are shown for various values of surface recombination
velocity and absorption coefficient.

It is interesting to note that, similarly to the delta function case of Example (i), if we

take the limit of the response as s — 0 we obtain,

P(t)

P(0)

t

=1 —exp (——) : (7.27)
s—0 T

which again is independent of the spatial generation function. It is tempting to ask

again how good is the high absorption approximation where the generation function is
given by Equation (7.23); under this assumption we find that the photoluminescence

response has the simple form,

P(t) x (szLi ) {sLerf [\/g

which is plotted as the dotted line in Figure (7.3b) and is clearly a good approximation
when aL > 10.0.

Figure (7.4) shows the decay of the photoluminescence signal immediately after switch-

+ exp(—t/7) exp(s? Dt)erfc [5\/‘1_7—15-] - 1} , (7.28)

ing the beam off once the steady state has been reached, note that in the plots { now
represents the time after switch-off.
Once again if we take the large ¢/7 limit of the response we afrrive at

P(t) ~ Eﬂ%ﬁ—), (7.29)

which is to be expected physically since the mechanism of carrier excitation should have
no effect on the rate of recombination. Finally, for completeness we show in Figure
(7.5) the form of the photoluminescence due to a light pulse of finite length, this is
most easily modelled mathematically by summing to equal and opposite step responses

separated appropriately in time, as in Example (ii) of Chapter 5.



Chapter 7: Time Dependent Photoluminescence 7-11

1-0

0-0

(a)

: 5 (P)

t/7

Figure 7.3. The rise of the photoluminescence signal, in the low numerical aperture
limit, immediately after turning the exciting beam on. The cases shown are: (a) an
absorption coefficient of L = 1.0 and for various values of surface recombination
velocity and (b) a surface recombination velocity of sL = 10.0 and for various values
of the normalised absorption coefficient A = aL. Again the dotted curve represents
the simple point source approximation of Equation (7.28)
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Figure 7.4. The decay of photoluminescence signal from the steady state immediately
after switching the beam off in the low numerical aperture limit. The cases shown
are for when; (a) aL = 2.0 and various values of the surface recombination velocity,
and (b) sL = 5.0 and various values of the absorption coefficient.
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Figure 7.5. The rise and fall of the photoluminescence signal due to an excitation
pulse of finite length, again in the low numerical aperture limit. The cases shown are
for when; (a) the absorption coefficient is L = 2.0 a pulse duration of 3r and for
various values of the surface recombination velocity, and (b) an absorption coefficient
of aL = 2.0, surface recombination velocity sL = 10.0 and pulse lengths of AT = 7,
AT = 3t and AT = 57.
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Example (iii): Harmonic Excitation

As an alternative method of measuring and displaying variations in the lifetime across a
specimen Guidotti et al. [5] considered the phase shift between the photoluminescence
signal and an harmonic generating beam. They assumed the temporal and spatial

forms of the generation function could be represented as,

f(t) =(1 + m cos(wt)) (7.30a)

and,

3(0, z) = exp(—az), (7.300)

and that the surface recombination velocity, s, was zero. We now extend this analysis
to include the effects of surface recombination velocity, attenuation and beam focusing.

It is convenient to describe to temporal form of the generation function as

f(t) = exp(iwt), : (7.31)

since we are interested in the phase shift of the photoluminescence and not it’s mag-
nitude. Under these circumstances we could find an expression for F*(p — 1/7) and
substitute into the general expression for the photoluminescence and then solve via the
Laplace transform technique, similarly to the beam induced current case of C;hapter 5.
However, here we choose to demonstrate an alternative method in which we return to
the time dependent diffusion equation, given in Equation (7.4), and look for solutions
of the form,

Ap(0,z,t) = Ap(0, z) exp(iwt). (7.32)
Proceeding along these lines we find that Ap(0, z) is the solution of

0%  _ @? | _ _
D'a'zz'Ap(Ovz) - 7AP(072) = —g(O,Z) (7‘33)

where, @ = /1 + iwr. Equation (7.33) is easily solved by a Green’s function approach

and, upon intergation of Ap(0,z) over z, gives the photoluminescence at a frequency

w as, ’
(o o]
P(w) = = {1 - (-;———~————) exp(—@zo/L)} 3(0, z0) dzo, (7.34)
0 |
where K is a constant. If we now specialize to the case of low numerical apertures,
such that the results can be applied to the imaging of whole wafers, (0, z) is given by
Equation (7.13) and upon substitution in Equation (7.34) we find that,

@+ (s+a)l

P(w) o @(@+ sL) @+ al)

(7.35)



Chapter 7: Time Dependent Photoluminescence 7-14

20 " 90 -
60 - m -
70}- 0l-
60%- 6014-
.
o
o $0}- - 50t
g oy
2 4of- ° 0
a : -
a
£
30}- & 30f-
20}- 20}-
1o} o}
[] - - i 3 } . 0 - 1 L 3
10 10 1 0 10 10 0 ot 1 w  w W ' et

(a) | (b)

Figure 7.6. The phase shift between the photoluminescence and the exciting beam for
the low numerical approximation and the case when; (a) sL = 1.0 and various values
of the normalised absorption coefficient, A = a L, and (b) various higher values of the
surface recombination velocity and absorption coefficient.

It is clear that the phase angle will be determined not only by the product wr, but also
the surface recombination velocity and absorption coefficient. However, if we take the
limit as 3 — 0 we find the value of the absorption cofficient is unimportant and that,

- Plw) 5 (7.36)

such that the phase angle, ¥(w), between the photoluminescence and exciting beam is
given simply as

Y(w) = —tan"}wT), | (7.37)
which is consistent with the results of Guidotti [5], although expressed slightly more
simply here, and suggests an alternative method of measuring the minority carrier
lifetime. Looking at the infinite s case we see that the phase shift now becomes,

b(w)|  =-tan~? { (@l + 2)wr } (7.38)

5—+00 al +1—w?r?

from which it is clear that there is no simple dependence of ¥(w) on wr. Figure (7.6)
shows the form of the phase angle as a function of wt for various values of surface
recombination velocity and absorption coeflicient.

From Figure (7.6) we can see that the phase shift is critically dependent on the value of

the surface recombination velocity, which suggests that great care is needed in extract-
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ing accurate lifetime measurements from data of this kind and that, to realistically use

this method, values for both s and a must be known.
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7.2 Conclusions

The photoluminescence generated in a semi-infinite semiconducting sample due to arbi-
trary spatial and temporal generation functions has been calculated. The results were
specialised to the case where the excitation is via a high numerical aperture lens and
for the cases where the temporal form of the generation function could be described by
a delta function, a step or finite length pulse or a harmonic modulation of the beam
intensity.

It was shown that the focussing of the beam did not greatly effect the shape of the
resulting photoluminescence signal and that, in many cases, the correct trends could
be predicted by assuming that generation only takes place at one discrete point on the
surface.

Two methods were suggested for measurement of the minority carrier lifetime, the first
involving the measurement of the decay of the photoluminescence after an exciting
pulse of arbitrary length, and another where the phase shift between an harmonic
exciting beam and the photoluminescence is measured as a function of modulation
frequency. The first method has the advantage that, if data is taken at long times
(t/T > 1) after the decay has begun, the measurement is independent of the surface
recombination velocity, whereas, for the second method to be used reliably, values for
the surface recombination velocity and absorption coefficient must be known. The
main advantage of the second method over the first is that it is steady state and, as

such, a better signal to noise ratio can be expected.



CHAPTER 8:

CONCLUSIONS AND
FUTURE WORK

8.0 Conclusions

This thesis has been concerned with optical beam induced phenomena in semiconduc-
tors. The main drive behind the work has been to present a consistent model for the
formation of the Optical Beam Induced Current (OBIC) and Photoluminescence (PL)
signals obtained in the Scanning Optical Microscope (SOM).

We started in Chapter 2 by demonstrating the versitility of the SOM and showed some
of the imaging modes that are available such as reflected light, confocal, OBIC and
PL. It is from this Chapter that the motivation for the rest of the thesis stems since,
from the experimental images given, it is clear that the OBIC and PL examination
techniques can be extremely useful in semiconductor device examination and charac-
terization if the techniques are well understood. Chapter 3 started by formulating
a model which gave the distribution of minority carriers injected into a semi-infinite
semiconductor by a highly convergent focussed light beam. The analysis in this Chap-
ter differs from previous work in that the effects of beam focussing were included by
considering an objective lens with finite numerical aperture. The resulting form of the
induced minority carrier distribution was shown to be a strong function of the numer-
ical aperture and to differ considerably from that predicted by simpler theories, where
the beam shape is approximated by a simple Gaussian lateral profile. One of the most
interesting points to arise here was the effect the numerical aperture has on the pene-
tration depth of the minority carrier distribution. This point was considered in more
detail by introducing a parameter termed the information depth, which was defined as

the depth within which the majority (set at 90%) of the excess carriers existed.

Approximations to the full focussed beam theory were then considered, also in Chap-
ter 3, by calculating the induced minority carrier distribution due to a exponentially
decaying Gaussian beam, with the Gaussian half width being choosen as a function of
the numerical aperture. It was found that, although the Gaussian beam was a good
approximation to the full theory radially for all values of the numerical aperture, the

axial fit was poor at high values of numerical aperture and over estimated the pene-
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tration depth considerably. The increase in effective absorption rate as the numerical
aperture of the objective lense increases was then accounted for by introducing an effec-
tive absorption coefficient, which was shown to be a function of the numerical aperture,
although this still underestimated the absorption rate at high numerical apertures.
To demonstrate the importance of the minority carrier distribution the imaging of
electrically active defects in both the OBIC and PL techniques were considered as
examples in Chapter 3. Here it was shown how the contrast obtained as a defect is
imaged in both techniques depends on the illuminating lens numerical aperture and, in
particular, the resolution of the techniques was calculated as a function of the numerical
aperture. Two interesting points arose here; one being that when imaging defects which
are not close to the semiconductor surface, that is at a depth of greater than about
1um, the optimum resolution is not obtained by using a high numerical aperture lens,
as might initially be expected. This was shown to be true for both the OBIC and
PL techniques. The other point was that the maximum resolution obtainable in the
two techniques is comparable, which is interesting since, in the OBIC method it is
essentially the gradient of the induced minority carrier distribution that is measured,
whereas in the PL case it is the intergi'al of the distribution. This result is, however,
in good agreement with the experimental images of Chapter 2.

We then moved on in Chapter 4 to consider the form of the steady state beam induced
current in semiconductor devices where the collecting junction is parrallel to the semi-
conductor surface. The two main devices considered were the finite thickness Schottky
barrier diode and the planar junction diode. In both cases the effect of beam focussing
was again included via the numerical aperture of the objective lens. It was shown how,
by measuring the OBIC signal as a function of reverse bias in the planar junction ge-
ometry, it is possible to measure the minority carrier diffusion length. However, it was
clear from the results that in order to use the method reliably values for the surface
recombination velocity and metalurgical junction depth have to be known, and that it
is not until the collecting junction is very deep compared with the diffusion length that
the results can be safely interpreted without a knowledge of the surface recombination
velocity. This uncertainty in the surface recombination velocity and junction depth
were removed by considering a Schottky barrier diode where the surface recombination
velocity is known to be infinite owing to the presence of the surface junction. Again it
was shown that it is possible to measure the minority carrier diffusion length, although
here some simple curve fitting routines are neccesary since it is not possible to present
the results in any simple straight line form.

Chapter 5 was an extension of the model given in Chaper 4 to include time dependence,
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with the device considered being a semi-infinite Schottky barrier diode. Initially it was
shown how the induced minority carrier distribution becomes more diffuse and decays
into the bulk of the semiconductor with time after a short light pulse. This effect
was treated in more detail by the introduction of a time dependent information depth,
which is the time dependent equivalent of the information depth as introduced in
Chapter 3. It was then shown, by considering three examples for the temporal form of
the generation function, how it is possible to measure the minority carrier lifetime by
measuring the decay of the induced current after a light pulse of arbitrary length. One
of the interesting points to note here is that the decay of the induced current is non-
exponential in time even at large values of time after the decay has begun. Finally in
Chapter 5 the imaging of electrically active defects as a function of time was considered
and it was shown that, if images are recorded at short times after carrier injection and
before the diffusion proccess has time to dominate, improved resolution OBIC images
may be obtained.

Since most of the situations considered in this thesis are ones where the exciting beam
is scanned at some velocity, v, relative to the specimen, Chapter 6 delt solely with the
effect of scan velocity on the form of the beam induced current. The device geometries
considered were ones where the collecting junction was either parrallel or perpendicular
to the semiconductor surface. For the case when the junction was perpendicular to
the surface it was shown that both the magnitude and direction of the scan speed
can greatly effect the form of the collected current as a function of junction-beam
separation. The effect is characterised by the ratio of the scan velocity to the diffusion
velocity, and it was shown that it is not until this ratio is made very small that reliable
results are obtained from the simpler scan speed independent theory. One interesting
point that arose from this section was that it is possible to use the scan vélocity as an
extra free parameter in beam induced current problems. This is useful since usually
there are two unkowns in the diffusion equation, the minority carrier lifetime, 7, and
the minority carrier diffusion coefficient, D, and by being able to vary the scan speed,
if only in direction, gives two simultaneous equations from which 7 and D may both
be found independently.

The effect of the scan velocity on the current induced in a semi-infinite Schottky barrier
was then considered, also in Chapter 6, and it was shown that the collected photocur-
rent is a strong function of the magnitude of the scan speed although not it’s direction.
The imaging of electrically active defects using a finite beam scan speed was then
considered and again it was shown that the scan speed can have a large effect. The

specific case considered was that of a point defect in a semi-infinite Schottky barrier
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and it was shown that, for a non zero scan speed, the contrast obtained as the defect
is imaged in the OBIC method becomes asymmetric and decreases in magnitude with
increasing scan speed. This is an important point to note since, in many scanning
microscope systems, the speed of scanning used for ordinary visual inspection is much
greater than that used for the recording of a permanent record, such as a photograph,
and it is clear that in changing the scan speed the beam induced current image can
change considerably. Finally in Chapter 6 an experimental investigation into the effects
of the scan velocity on beam induced current measurements was presented. The device
used for the experiments was one where the p-n junction was diffused into the sample
and so neither the parrallel or perpendicular junction theories were directly applicable,
however, it was shown that, in broad agreement with the theory, the beam induced
current images were effected by both the magnitude and direction of the scan speed.

The photoluminescence signal generated in a semi-infinite semiconducting sample by a
time varing focussed light beam was considered in Chapter 7. The analysis given was an
extension of previous treatments by again including the effects of beam focussing via the
objective lens numerical aperture. The form of the PL signal was then demonstrated
by considering three examples for the temporal form of the generation function, these
were; Delta Function excitation, Step and Finite Pulse excitation and finally Harmonic
excitation. Two methods were suggested for the measurement of the minority carrier
lifetime, one where the decay of the PL signal is measured as a function of time after
an excitation pulse of arbitrary length and another where the phase shift between the
harmonic exciting beam and the PL is measured. The first method has the advantage
that, at sufficiently large times after the decay has begun, the decay rate is independent
of the surface recombination velocity and absorption coefficient and, as such, it is
straightforward to measure the lifetime. Whereas, in the phase shift method it was
shown that the phase angle is critically dependent on both the value of the surface
recombination velocity and absorption coeflicient, and so for this method to be used
with confidence values for these parameters must be known. The one advantage of the

second method is that it is steady state and as such a better signal to noise ratio can

be expected.
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8.1 Future Work

The work presented in this thesis hopefully sets the scene for further research into the
fields of both of theory and practice of semiconductor characterisation using optical
beams. In this section we indicate some areas of research that follow directly from the

work described so far and also present some suggestions for more future investigations.

(a) Minority Carrier Distribution

 In Chapter 3 an analysis of the minority carrier distribution induced by a focussed
light beam was given; it was pointed out that the analysis for the full focussed beam
theory is rather involved and so various approximations where considered. The use of
a Gaussian to approximate the lateral profile of the light distribution proved succesful
in predicting the radial form of the induced minority carrier distribution, although the
use of a simple exponetial decay for the axial form of the light distribution proved less
adequate.

A more realistic approximation to the axial form of the generation function could be
found by considering the rate at which the total energy in the exciting beam decays

with distance into the semiconductor. Thus defining the function E(z) as,

E(z) =2r /000 g(r,z) rdr, (8.1)

we find that for both the Gaussian and decaying point source approximations of Chap-
ter 3, E(z) has the form
Ea(z) = ago exp(—az). - (8.2)

However, from the expression given in Equation (3.1) for the focussed beam generation

function we find that E(z) has the form,

_ 90 [exp(-az) — exp(-apz)
Ey(z) = (‘L) { - } . (8.3)

where, as previously, p = 1 + (sin? )/2. This implies that a better approximation

to the focussed beam theory could be obtained by using a Gaussian to represent the
lateral profile of the light intensity and Equation (8.3) to represent the axial profile,
such that the generation function could be written,

e ey R e S

mc?ln(p) c z

The disadvantage here is that when folding the Green’s function with this generation
function we will encounter integrals of the form [ exp(—az)/x dz, which means that

the resulting minority carrier distribution will be expressed in terms of Exponential
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Integrals instead of simple exponentials as was the case when exp(—az) was used.
However, since the Exponential Integal is a well known function this should not present

any real problems.

(b) Scan Speed Dependent Photoluminescence

Chapter 6 demonstrated how the speed of scanning in a scanning optical microscope
can effect the form of the beam induced currents in both Schottky barrier diodes and
devices where p-n junctions are perpendicular to the semiconductor surface. As an
extension to this work it would be interesting to consider the effect of the scan speed

on the PL signal obtained from a semiconducting sample.

The calculation would be fairly straightforward since the form of the scan speed depen-
dent induced minority carrier distribution was found in Chapter 6 and, as was shown in
Chaper 7, this leads directly to the PL signal. It would also be possible to investigate
the effect of the scan speed on the contrast obtained as an electrically active defect is
imaged in the PL technique since, as was shown in Chapter 3, the contrast function is

directly proportional to the induced minority carrier distribution.

(c) Confocal Photoluminescence

An extension to the standard scanning photoluminescence technique could be made
by using the confocal mode of the scanning optical microscope, as described briefly
in Chapter 2. This would allow the sectioning properties of the confocal system to
be used to give three dimensional information about the PL signal and would also
probabaly increase the resolution. To be sure of the effect of the confocal system on
the resolution of the PL technique a model would have to be developed to explain
the imaging properties. This should be fairly straightforward using standard imaging
theory, since the object to be imaged is essentially the minority carrier distribution,

who’s form is well known, as it is this distribution which leads to the PL signal.

(d) Modelling Real Devices

One of the main reasons for using optical beams to examine semiconductors is to try
and characterize real devices, that is complicated structures consisting of many p-n
junctions of various geometries. This thesis has modelled only the simplest of devices
such as the Schottky barrier diode, a planar p-n junction diode and a device where a

p-n junction of infinite depth is perpendicular to the semiconductor surface.
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These ideal devices are extremely useful in obtaining a physical picture for the way
in which the optical beam induced currents are formed since it is possible to calculate
the beam induced currents analytically, or at worst, in terms of a single integral. The
reasons for this being the simple form of the boundary conditions on the solution of
the diffusion equation and the symmetry involved in problems. However, if we wish to
model a real device the boundary conditions become much more complicated and the
symmetry collapses leaving a problem which, in general, is intractible analytically. The
way forward from here is then obviously via a computer based solution of the problem.
Since the problem of calculating the beam induced current is essentially that of solving
a partial differential equation there are a wide variety of standard methods available.
One could imagine a completely general computer based solution where the user had
simply to describe the set of boundary conditions, such as the position of the p-n
junctions and surfaces, of the device to be modelled and the form of the beam induced
current could be found. Although this may be extremely useful for a commercial
semiconductor device manufacturer, very little would be contributed towards the basic
understanding of the mechanism by which the beam induced current signals are formed.
For this reason no purely computer base solutions have been developed during the work

for this thesis.



APPENDIX A:

Calculation of the Hankel Transform
of the Focussed Beam
(Generation Function

The surface integral in Equation (3.26) can be written in the form,

L= 9(v,u)
goA exp (—ayu) exp (—ufA?)
= / exp (—12upA cos §) exp (—ufBp?) dS
that 1s, ’
Lot = [ £(p,6) pipds, (4.1)

where, as in Equation (3.26) S represents the region of overlap in Figure (3.4). The
integration over the central circle p = 1 — A can be evaluated as [1 p.360]

2 pl1-A
Tire = / / exp (—12upA cos §) exp (—uBp?) pdpdd
0 0

1-A
=2m /0 exp(—uBp?)Jo(2uldp) pdp, (A2)

where Jp is a Bessel function of the first kind and zero order. We're now left to find to
surface integral over the sectors such as the one shaded in Figure (3.4). Denoting the

integral over this shaded region as I t(l:l) we have,

(1) V1-42 ,x/2
Ig = /1 f(p,8) pdpdd, (A3)

—-A 01
where 7 is the value of 8 at which the vector p intersects the p1 = 1 circle and can be

found from the cosine rule as,
1—p2— A2
202 B

and so f; = cos—! . Similarly the integration over the next sector can be written in

cos(f1) = A (A4)

the form |
Iflﬁ) / f p,0) pdpdd, (A5) .
V1-4AZ J=x/2
here 5 is found from the intersection of p and the pz =1 circle, giving
2 2 _
COS(02) = P * A 1 = - ‘ (A6)

2pA
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such that §; = cos—!(—A). Following along these lines the third and fourth sector

contibutions take the form

(3) V1-A? ,3x/2
qu =/ / f(p,8) pdpdd, (A7)
1-A 1r+01
and,
() _ T
Ig = . f(p,8) pdpdd. (A8)

The surface integral, ignoring the contribution from the the p = 1 — A circle, gy

temporarily, can be expressed as the summation of Equations (A3), (A5), (A7) and
(A8), that is,
' 1 2 3 4
Ta =13 + I3 + 1) + 18,

such that,

L= [ e [ /a /0 /;/2 /;/2] f(p,0) dBpdp.  (A9)

The first and third terms and the second and fourth terms in Equation (A9) can be

combined by making the substitution § — § — = in the second and fourth terms giving,

V1-A? x/2
Igga = / 2/ exp(—uBp?) cos[2ulp cos 0] df
1-A 0

/2
- 2 / exp(—uBp?) cos[2ul p cos 0] dO] pdp,
9 .

2
that is,

V1-A2 /2
I, =‘/;_A [4/01 exp(—uBp?) cos[2ulpcos§] df| pdp (A10)

where, in the last line we’ve used the identity cos~1(—A) =  — cos~1(A). One further
simplification can be made to Equation (A10) by introducing the new variable § —
§ — /2, under this transformation the full expression, including the contribution from

the p = 1 — A circle given in Equation (A2), for the Hankel transform of the generation

function g(v,u) becomes,

1-A
g(v,u) =goA exp (—auu) exp (-uBA?) {2W /0 exp (—ufBp?) Jo(2ulp) pdp

V1=AZ ,psin~'())
4+ 4/ / exp (—ufp?) cos(2ulpsin ) dfpdp .
1

(A11)
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Calculation of the Hankel Transform
of the Focussed Beam
Carrier Distribution

To simplify the analysis it is useful to split the Greens function of Equation (3.14) into

two terms, that is

G(v, ulug) = {G(l)(u,uluo) + (i:) G(z)(u,ulug)} : (B1)

where G(1) (v, u|ug) = exp(—d|u — uo|)/¢ and G@)(v,u|up) = exp(—p(u +uo))/$. Fold-
ing the Greens function and source can now be split into two parts, considering the

second part first we have,

1 [ o]
Ap)(v,u) = —1—)7;3/0 G (v, uluo)g(v, uo) duo
A _ ( (o o} 1-A
=_9% ;{II:Z(¢ du) {2#/ / exp(—dug) exp(—Aug)Jo(2Apug) pdpdug
0 0

oo pl—A psin"1(A)
+4 / / / exp(—¢uo) exp(—Aug) cos(2Apug sin 8) dfpdpduy ¢ ,
o Jo 0

(B2)

the expression for g(v,u) coming from either Equation (A11) or (3.27). The ug inte-

grations can be performed using {1 p.707],

‘/(; exp{— (¢ + A)uo}Jo(2Apug) dug = N A)lz TIAL? (B3a)
and, [1 p.477]
. in Buo) duo = Ate (B3b)
[ expi—(8+ Aun} cos(zspsinbuo) duo = b

the § intergration can then be performed using (1 p.152],

sin~1(}) A+p _ _y [ tan(sin"1(X))
/0 [(A + ¢)? + 44p sin” 4] 4 =T(#,p)tan"" {( A+ ST (o, p)} ,  (B4)

where,

1
¢+ A)? +4A2p7

(B6)

[(¢,p) = \/(
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This gives an expression for Ap(z)(u,u) as,

-A
Af)(z)(l/,u) _ _.90.4 exp(—¢u) [27r/1 06, p) pdp
0

Db2¢
vi-—ar oo tan(sin~1(1))
L G e T

(B7)

Unfortunately, owing to the modulus sign in the exponent of G(1)(v, u|ug) we are unable
to simplify the form of Ap(1)(v,u), this leaves the final expression for Ap(v,u) as the
sum of Ap()(v,u) and Ap(®)(v,u) giving,

o oo 1-A
Ap(v,u) = — Db {L exp (—dlu — uol) {211'/; exp (—Auo)Jo(2Apuo)p dp

V1-AZ ,sin~1(})
+ 4 / / exp (—up?0) cos(2ulpsin 8) ddpdp| dug
1-A 0

+ (i:) exp(—¢u) [27r /OI—A I'(¢,p) pdp

Vi-Af tan(sin~1(A))
an™!
¥ 4/1_A t {(A+¢)r(¢,p)}”¢”’)”“’”

L

(B8)



APPENDIX C:

Derivation of The Finite
Thickness Schottky Barrier

Green’s Function

The Greens function, G(0, z|29) is, by definition, the solution of Equation (4.5) with
the source term, g(0,z)/D, replaced by a Dirac-delta function, such that

52 G(0, 2|z0)
E;EG(O’ZIZO) - —'———Lz - = —6(2 - ZO), (C'l)

where the solution is subject to the boundary conditions of Equations (4.25) and (4.26).
The solution has two distinct domains, that is 2 < zg and z > z9. In each of these
regions the right-hand side of Equation (C.1) is zero and so the Green’s function can

be written,

G(0,z|z) =Ae~*/L 4 Be#/L, for z < 29, (C.2a)
and, '

G(0, z|29) =Ce~*/L 4 De*/L for  z> 2z, (C.2b)

where A, B,C and D are constants. Equation (C.2a) has to satisfy the boundary
condition at z = w, i.e. Equation (4.25), and Equation (C.2b) has to satisfy the
boundary condition at z = d, given in Equation (4.26). Applying the these conditions

to the Green’s function shows that the constants have to satisfy;
Ae~w/L 4 Bew/L =, (C.3a)

and,

D(1 — syL)ed/L — C(1 + spL)e~ 4L = 0. (C.3b)

We now have two equations and four unknowns. Extra constraints on the constants
can be found by considering the solution at the special point z = zg. For the Green’s
function to be continous at this point the solutions obtained in Equations (C.2a) and

(C.2b) must be equal in the limit as z — zp, giving,

(C — A)e=*/L 4 (D — B)e*/L = 0. (C.4)
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The constraint on the gradients at z = zp can be found by integrating the diffusion
equation, given in Equation (C.1), from some constant, say z = z; to z such that,
z 82
3z 23G(0,2|20) dz — / G(0,2]|z9)dz = —0(z — 29), (C.5)

that is,

8 8 .,
-gG(O,z|zo)|i=z + == G(0,2]z0)|

zZ
_+ flf /21 G(0,z|20)dz = 0(z — z0). (C.6)
Here z is an integration variable and 6(z — zp) is a step function defined to be unity for
z > zq and zero for z < zg. We can now consider the regions on either side of the Delta
function by putting, z = 29 + € and z = zp — € in turn, where € is some real constant

which can be as small as we please, since then from Equation (C.6) we have,

9 oo 8 . _ 1 frote
T (0,2|20) _ + b—gG(O,zIzo) + 7o) G(0,2|z0)dz =1, (C.Ta)
and,
—iG(O Z|29) + _@_G(o Z|20) + L[ G(0,z|z9)dz = 0, (C.7b)
62 ’ Z=29—¢€ 62 ’ Z=z L2 ’ ’
subtracting Equation (C.7b) from (C.7a) yields,
a Z=z9+te€ 1 zZo+€
—EEG(O’Z|ZO) e + 7 - G(0,2|20)dz = 1, (C.8)

and, letting ¢ — 0, we finally obtain the condition on the gradient of the Green’s

function on each side of the Delta function as,

8 :
giG(O, Z"|Zo)

2=z0+0
=-1. (C.9)

z=2z9—-0

Equation' (C.9) can be used to give the fourth equation relating the four constants

A,B,C and D, such that now we have;

Ae~w/L 4 Bew/L =, (C.10a)

D(1 — spL)e¥/L — C(1 + spL)e~4/L = 0, (C.10b)
(C — A)e#/L 4 (D — B)e*/L =9, (C.10¢)

(C — A)e=*/L (D — B)e*/l = [, (C.104)

It is routine to solve between the above four equations to give expressions for the

constants, this gives,

e270/L | (1—_sb£) e2d/L

A= _ew/lp - .__2£e—(20—2w)/13 . , (C.11)

e2w/L | (1_—_&) e2d/L

and,



Appendix C: Derivation of Schottky Barrier Green's Function

e2z0/L _ o2w/L

O ( 1:_.~Eb_.1_3> /LD = ge—(zo—zd)/L (C.12)

e2d/L | (%.i'ib%) c2w/L

Substituting the above values for 4, B,C and D into the relevani expressions for the

Green’s function yields an expression for G(0, z|zg) as
?

220/L 4 T'¢2d/L y—w
= —(z —w)/L € 1
G(0, z|20) e Le— (20 { 3w/l 4 Toid/L }smh ( 7 ) , (C.13a)
and,
L —(z0—d)L e?zo/L — g2w/L z—d)/L ~(z—d)/L
G(0,2lz0)| = 5e(o=d) (GZW/L ) (e 4 Do)

(C.13b)

where the parameter I' is defined in Equation (4.29). Equations (C.13a) and (C.13b)
can be combined to give a single expression for the Green’s function, applicable for all

z, which is given in Equation (4.27).
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Last line: ..... exponents in Equation (3.24) to be .....
Should read: ..... exponents in Equation (3.23) to be .....

First line: ..... v=A/2 ...
Should read: ..... v=2A ...

7th line from bottom: ..... wavelength incident of .....
Should read: ..... wavelength of .....

Figure 4.7(b): x-scale should read w/d

Equation 5.8; ‘Zz/a§
Should read: 9/,

Figure 5.4 figure caption: ..... Equation (5.27) .....
Should read: ..... Equation (5.24) and;

..... Equation (5.26) .....

Should read: ..... Equation (5.23)

Equation 5.54: drr
Should read: dro

Line 7: ..... In[Io(€)] .....
Should read: ..... In[I(¢)] .....

SPELLING ERRORS

Line Word
3 encouragement
2 necessary

18 semiconductor

Figure 3.22 Caption coefficient

23 differentiation
2 geometries
5 integral

12 Schottky

21 arrive








