
Abstract. Being the source of light quanta in optoelectronic
devices like semiconductor lasers and light-emitting diodes,
radiation recombination processes are of great importance in
the constituent semiconducting structures. The latter consist of
thin epitaxial layers, and their radiative recombination effi-
ciency depends on structural imperfections such as dislocations,
usually acting as nonradiative recombination centres, and point
defects. Since these imperfections usually have a nonuniform
layer distribution, radiation characteristics are distributed in-
homogeneously over the layers and small-scale structural ele-
ments. For such structures, therefore, cathodoluminescence
scanning microscopy, controlling the microlevel distribution of
radiation characteristics, is an irreplaceable research tool. The
effective use of this technique requires a correct understanding
of the radiation-producing processes occurring during the elec-
tron probe±semiconductor interaction. A knowledge of the po-
tential and the information capacity of the method is essential.

1. Introduction

A cathodoluminescence (CL) phenomenon, i.e. emission of
light under electron bombardment, is known for a long time
and now is widely used in nearly all black-and-white, and
colour cathode-ray tubes. Moreover by means of a cathodo-
luminescence the luminescent properties of different materi-
als are studied as well. Extensive references on CL investiga-
tions can be found inmonographs [1, 2], andmore later works
up to 1988 were partially summarized in Ref. [3].

When studying different objects the CL technique comes
out in the same row together with other spectroscopic
methods such as a photoluminescence and so on. So far as
mechanisms leading to the emission of light in a semiconduc-
tor and connected with nonequilibrium charge carriers
recombination are analogous for different forms of excita-
tion, the results obtained will be similar, however, some
differences may exist. The electron beam excitation, for
example, leads to the light emission by all mechanisms of
radiative recombination which are present in a semiconduc-
tor. By varying the electron-probe energy one can obtain
depth-resolved information about the object due to a chan-
ging of electron penetration depth into the object. There is
also a more essential difference between light and electron
excitations as it has been shown in Ref. [4]. In the latter case,
as far as electrons possess also a momentum in addition to
their energy, the nonequilibrium carriers appear in indirect
bands as well, and supplementary peaks in CL-spectra (e.g.,
peak S in Fig. 1) arise.

The development of optoelectronics stimulated the ela-
boration of methods which enable us to control local
parameters of micron and submicron layers in semiconductor
epitaxial structures with high spatial resolution. One of such
methods is a local cathodoluminescence or microcathodolu-
minescence Ð the cathodoluminescence mode of a scanning
electron microscope (SEM), which permits a control of the
luminescent parameters distribution over the object surface to
be established. Here the CL radiation is excited by a thin
electron probe focused at a given point of the object. Besides
the high spatial resolution obtained in this case, the micro-
scope provides an additional information about the object,
such as a surface topography, chemical composition, and
presence of electrical barriers, if secondary electron mode, X-
ray microanalysis mode and electron-beam-induced current
(EBIC) mode are also used.

It should be noted that at present nearly all the SEM
produced in Japan, USA, England, France and some other
countries, are supplied with standard CL attachments and
liquid-helium cooling stages, mostlymanufactured byOxford
Instruments, as well as with an attachment for EBIC
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measurements. The latter is very important for studying the
semiconductors so far as the presence of EBIC-signal
indicates the electrical activity of the object area under
investigation (an inhomogeneity).

2. Formation of a cathodoluminescence radiation

The three fundamental processes resulted in a CL emission
are the generation, motion, and recombination of excess
electrons and holes. Let us consider these processes individu-
ally.

2.1 Generation of nonequilibrium charge carriers
Primary (i.e. incident or probe) fast electrons striking the
object undergo the energy losses due to interaction with solid,
and then stop. In order to evaluate these energy losses the
model of a continuous energy transfer is usually used for
simplicity. The mean rate of electron energy loss per unit
length of its path s in the solid (all dissipation mechanisms
being included) can be described by the Bethe expression [5] as

dE
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� ÿ2pe4NA

rZ
EA

ln
1:166E

J
; �1�

where e is the electronic charge, NA is Avogadro's number, r
is the density of the object material, A is the atomic weight, Z
is the atomic number, E is the mean electron energy, and J is
the mean ionization potential.

The different secondary processes caused by electron
bombardment proceed in the energy dissipation area, so-
called excitation volume, because of electronic transitions in
the material. The dimensions of this excitation volume are
close to the value of penetration depth or range of primary
electrons Re which, according to Ref. [6], is

Re � 0:0276A

rZ0:889
E1:67
0 �mm� ; �2�

where A is in g molÿ1, r is in g cmÿ3, and E0 is the electron
probe energy in keV. Figure 2 shows the electron penetration
depth calculated, according to the Kanaya-Okayama model
[6], for several materials.

The shape of the excitation volume depends on the atomic
number: it varies from a pear shape for a low-atomic-number
material, to a near spherical shape for 15 < Z < 40, and to
hemispherical one for larger-atomic-number materials. It is
worth marking the difference in the excitation volume shapes
in the thin film and bulk objects (see Fig. 3).

The dimensions of the area where one of the secondary
processes takes place, otherwise the generation area for the
accompanying signal, are conditioned by the activating
energy of this process. In semiconductors, the energy of
incident electrons dissipated in the object may be partially
spent on the creation of nonequilibrium electron-hole pairs
and this causes an essential increase in the number of the
mobile charge carriers. The valence electrons can move from
different levels of valence band to these of the conduction
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Figure 1. The photoluminescence (above) and cathodoluminescence

(below) spectra from the GaAs/AlxGa1ÿxAs sample with multiple quan-
tum wells at 10 K [4b].
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Figure 2. The depthRe of primary electron penetration into the object as a

function of electron energy E0 calculated according to formula (2).
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band, but laying higher than the maximum level of electrons
created by thermal generation. That is why the average energy
required for the generation of one electron-hole pair Ei is
somewhat larger than the band-gap energy Eg, and equals to

Ei � 2:8Eg �M ; �3�

with 0 <M < 1 eV depending on the material and being
independent of the electron probe energy. The values ofEi for
several materials of interest are given beneath (those of Eg at
300 K are given in parentheses): InSb Ð 0.42 eV (0.16 eV),
PbS Ð 2.05 eV (0.41 eV), GaAs Ð 4.6 eV (1.43 eV), CdTe Ð
4.65 eV (1.5 eV), GaP Ð 7.8 eV (2.24 eV).

In the SEMCLmode the energy of an incident electron is
essentially larger than the average energy of an electron-hole
pair production, and one 10 ± 20 keV electron can generate
several thousands of electron-hole pairs along its trajectory in
the excitation volume. Their number is a generation factor
given by

G � E0�1ÿ g�
Ei

; �4�

where gE0 represents the beam energy loss due to an electron
backscattering from the object.

Besides the electron-hole pair production, fast beam
electrons can cause a local heating and changing of structure
and properties in the irradiated area, especially in the focused
mode of the SEM. It may lead, for example, to the change in
the local luminescent properties (see Refs [7, 3]).

2.2 Nonequilibrium carrier motion and recombination
Nonequilibrium charge carriers generated in a semiconduc-
ting material acquire the directional motion by diffusion and
drift processes, and recombine simultaneously because of the
electron returning to the free states in valence band that
results in free electrons and free holes disappearing. In
thermodynamically equilibrium state the generation and
recombination processes compensate each other completely.
Depending on a mechanism three modes of recombination
can be recognized Ð interband recombination, recombina-
tion via localized states in the gap and surface recombination.
According to how the energy released in the course of
recombination is spent on, the recombination may be
radiative with photon emission as well as nonradiative with
the energy transfer to the lattice (phonon emission), or to
another electron which changes to a higher-energy state in the
conduction band (impact recombination or Auger effect).

For a continuous irradiation and the electron beam at a
fixed position on the object, the action of all these processes
results in the formation of a stationary excess-minority
carriers distribution which is governed by the three-dimen-
sional differential equation of continuity. In the simplest case
for electrons in a p-type semiconductor it can be written as

DH2Dn�r� ÿ Dn�r�
t
� G�r� � 0 �5�

with a boundary condition at the object surface

D
qDn�r�
qz

����
z�0
� vsDn�r�

��
z�0 ; �6�

where Dn�r� is the excess-minority carrier density per unit
volume,D is the diffusion coefficient, t is the minority carrier

lifetime, vs is the surface recombination velocity, G�r� is the
generation function (source function) of electron-hole pairs
defined by the electron beam parameters and the energy
dissipation processes in the object or, in other words, the
energy loss density distribution function in the object, and,
finally, z is the coordinate from the surface into the object
(see, for example, Ref. [8]). The equation (5) is valid under the
following two conditions:

(i) The carrier lifetime t is independent of Dn that is
satisfied quite well as long as Dn is small compared to the
majority carrier density, i.e. when Dn5 p0, where p0 is the
equilibrium hole concentration.

(ii) The motion of excess carriers is purely diffusive
(internal electric fields are lacking in the object).

The intensity ICL of the CL emission, which is usually
accepted to be proportional to Dn�r�, can be written as

ICL �
�
V

AB Z�r�Dn�r� dVr ; �7�

where A and B are the correction factors for CL absorption
losses inside the object, while the light is passing through the
object material, and CL reflection losses at the object-vacuum
boundary, respectively, and Z�r� is the internal quantum
efficiency defined as the ratio of the radiative recombination
rate to the total recombination rate, which is the sum of the
nonradiative rates (from all sources) and the radiative rate.
The internal quantum efficiency Z is usually expressed in
terms of carrier lifetimes ± radiative trr, and nonradiative tnr
as

Z � 1

trr

�
1

t

�ÿ1
;

where

1

t
� 1

trr
� 1

tnr
;

and thus

Z �
�
1� trr

tnr

�ÿ1
: �8�

To calculate ICL from Eqn (7) we need to know the exact
solution of Eqn (3). This is feasible only for homogeneous
material, when the minority-carrier diffusion length
L � ������

Dt
p

is constant, and simple boundary conditions (4)
valid for a point source or a spherical source with a constant
pair density. Very often in calculations it is considered that
vs � 1. These results can be regarded as true for arbitrary
sources also, but only if distances between sources and
boundaries are large as compared with L and generation
volume size.

Besides the intensity, CL radiation is also characterized by
its spectrum. The photon energies and, therefore, CL-radia-
tion spectrum contain information about the characteristic
energy levels present in the object.Radiative transitions canbe
divided into two classes: (i) intrinsic (fundamental), and (ii)
extrinsic. Intrinsic transitions include interband transitions
across the fundamental energy gap Eg with the emission of a
photon of energy close toEg, and a free exciton decay with the
emission of a photon of energy hn � Eg ÿ Ex, where Ex is the
exciton ionization energy. In indirect-gap materials, such as,
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for example, GaP, the fundamental emission is very weak,
since unlike direct-gap materials, such as GaAs, the recombi-
nation of electron-hole pairs must be accompanied by the
simultaneous emission of a phonon, and the appearance of an
extra particle decreases the probability of such a process
significantly as compared with direct transitions (see Fig. 4).
Therefore, the fundamental emission in indirect-gap semi-
conductors is relatively weak, especially when compared with
that due to impurities and defects.

The transitions between the levels inside the energy gap,
associated with a presence of donors, acceptors, and native
defects, are extrinsic in nature. Extrinsic levels may be
classified as shallow, situated near the band edges, or deep,
placed closer to the middle part of the gap. Transitions via
shallow levels lead to recombination emission with photon
energies close toEg, similar transitions via deep levels can also
lead to recombination emission but with photon energies well
below Eg. Such extrinsic radiation can be made much more
intense than intrinsic CL at ambient temperatures even in
direct-gap materials. Using phosphor terminology, the lumi-
nescence emission in these cases is `activated' by impurity
atoms and other defects, so-called activators. In the presence
of impurities, bound excitons may be formed, and after their
recombination the photons with energies

hn � Eg ÿ Ex ÿ Eb ÿmEph

arise, where Eb is the binding energy of the exciton to the
impurity atom, Eph is the energy of the emitted phonons, and
m is the number of the phonons emitted. In general, CL
emission from real materials is dominated by extrinsic
recombination mechanisms through the levels associated
with impurity atoms and defects.

3. Spatial resolution of a cathodoluminescence
scanning microscopy

Besides main spectroscopic features of the system intended to
analyze the light radiation (such as a total spectral transmis-
sion characteristic of the system, a spectral resolution, and a
detection sensitivity limit), the local CL technique is char-
acterized by one more very important parameter, namely, a
spatial resolution or a locality of the information collection,
i.e. the minimum distance between two object details which
we are possible to distinguish using the CL-signal. For bulk
materials it is much worse than a spatial resolution of the
SEM in the secondary electron mode, which usually
characterizes a SEM. The reason is that the CL emission
occurs from the volume much larger than one pertaining to

secondary electron escape. It includes the immediate volume
of pair generation under electron exposure and the space
wherein excess-carriers diffuse after their creation.

Due to a smallness of the CL signal, especially for
materials with a modest internal quantum efficiency, larger
probe currents are required (10ÿ6 to 10ÿ8 A) for operation in
the local CL mode. It results in a divergence of the probe
electron beam at the object and makes an additional con-
tribution to the spatial resolution degradation. Based on the
early ideas, the authors of a review [8] suggested that the
spatial resolution in a CL mode could be expressed as a
geometrical sum of the beam diameter at the object, the
lateral dimension of the energy dissipation volume (the
excess-carrier generation volume), which was supposed to be
equal to the electron penetration depth Re, and the minority
charge-carrier diffusion length L. It should be noted that this
standpoint was supported without any proof in more later
works (see, for example, [9]). This estimation gave the spatial
resolution value which was essentially larger than that
realized in practice. For example, in [10] the resolution of
1.5 mm has been reported for n-GaP with L � 3:5 mm at 20
kV, instead of 6 mm as follows according to the calculation
with the aid of the geometrical sum formula.

Later on, in Refs [11, 12] a formal theory of the spatial
resolution of the local CL has been developed. This theory
was founded on the definition of the spatial resolution in the
CL mode relying in turn on the criterion of resolution of two
points in the transmission electron microscopy (see [13] and
[14]), where the dip between two maxima on the image of two
points resolved was considered to reach 25%. In the local CL,
the minimum distance between two thin luminescent vertical
layers in a nonluminescent matrix was accepted as a spatial
resolution limit when the dip between maxima in the CL
signal (response), while the probe was scanned across these
layers, ran to 25%.

It turned out that the spatial resolution defined in this way
is very close to the half-width of the CL response to thin
luminescent layer in the object, i.e. full width at half-height of
the maximum of the CL signal when the beam is just on the
luminescent layer. In theoretical consideration, contributions
due to a scattering of primary electrons in an object (finite size
of a pair generation volume) without an excess-carrier
diffusion, and due to excess-carrier diffusion without scatter-
ing (neglecting a size of pair generation volume) have been
allowed for separately. Influence of the finite size of the beam
on the spatial resolution was neglected because of its small
contribution.

The diffusion length L was assumed to be zero when only
a finite size of a pair generation volume has been taken into
account. The CL response, while scanning across a thin
luminescent layer, has quite a narrow central part with a
higher signal amplitude (Fig. 5), and its half-width determines
the spatial resolution. In this case it makes a contribution to
the spatial resolution due to a primary electron scattering in
an object, and its value depends on the microscope accelerat-
ing voltage (Fig. 6). The shape of this dependence is unlike for
the materials with various atomic numbers because of the
difference in the scattering processes. A small-angle inelastic
scattering dominates in light materials (Si), whereas a large-
angle elastic scattering Ð in heavy materials (PbS, GaAs).
The spatial resolution obtained in such calculations can be
considered as a limiting spatial resolution, which is reached
either on the materials with a small diffusion length or in a
pulse mode of the SEM. In the latter case the registration of
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Figure 4.Direct (a) and indirect (b) interband transitions:E1 andE2 are the

initial state and final state energies, Eph is a photon energy.
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the CL signal is made only in the initial moment of the
electron beam excitation as long as the essential diffusive
divergence of nonequilibrium charge carriers would be
occurred, as it was shown in [15]. The enhancement of the
spatial resolution in this case is more noticeable, the larger the
diffusion length (it has to be taken into account the necessary
increase of signal recording time because of the essential
decrease in its intensity). It should be also noted that a new
experimental technique for evaluating the size of an electron-
hole generation volume has been proposed recently (see Ref.
[16]). For this purpose an AlAs/GaAs structure with three
quantum wells was used, and the CL signal was monitored
while the probe was scanned across the layers. In such an
object the charge carrier diffusion has been excluded, and the
spatial resolution increased up to 50 nm. The CL responses,
obtained by the authors, were similar to those in Fig. 5.

The calculation of analogous CL responses for a point
pair generation source in the presence of carrier diffusion
(L 6� 0) showed a dependence of the distribution half-width
on a surface recombination velocity, and this dependence

became more pronounced when a point source approached
the surface (Fig. 7). The presence of surface recombination
leads to the carrier influx into the surface, where they
nonradiatively recombine at a later time. At the expense of
this effect the diffusive divergence of carriers as well as a CL
response half-width decrease. In this case a total intensity of
the CL signal decreases too. Such narrowing of the CL
response curve due to the presence of surface recombination
may amount to as low as one seventh for a bulk object and a
point pair-generation source. Due to the presence of surface
recombination the minority-carrier lifetime near the surface
differs from that in the bulk, tbulk, and takes some effective
value

1

teff
� 1

tbulk
� 1

ts
;

where ts is the carrier lifetime due to recombination at the
surface. The influence of surface recombination increases
essentially when the objects are thin. Here the presence of
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Figure 5. Normalized local CL response signal ICL�x� while scanning across a thin luminescent layer in the GaAs matrix calculated by a Monte-Carlo

method for different accelerating voltages: 1Ð 10, 2Ð 20, 3Ð 30, 4Ð 40, and 5Ð 50 kV without an excess-carrier diffusion [11].
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function of the accelerating voltage without an excess-carrier diffusion:
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already two surfaces bounding the object from above and
below has to be taken into account. In this case

teff � t2

p2D
;

where t is the object thickness. From above it is clear that even
though no recombination occurs in the bulk, i.e. tbulk � 1,
the lifetime will be only defined by the presence of surfaces,
and the corresponding diffusion length will take the form

Ls �
��������
Dts

p
� t

p
:

The effect of surface recombination was also recognized in
[17] when the author worked with very low accelerating
voltages (1 kV) in an effort to heighten this effect, and realized
the record resolution of 60 nm in the CL mode. Another
possible way to improve the resolution in a CL mode is the
application of a magnetic field to the object which is directed
along the electron beam. In this case the Lorentz force
prevents excess carriers from being diffusively spreaded. For
the first time it was suggested in [18], andmuch later in [19]. In
scanning tunnelling microscope (STM), when using low bias
voltages, it is possible to excite the luminescence in a small
volume of the object as it has been done in [20] under
spectroscopic investigation of the luminescence from a single
quantum wire. However, here the mechanism of the lumines-
cence is alternative: the electron-hole pair generation is
lacking but holes are injected into the object, and then
recombine with thermolized electrons. The luminescent spec-
tra, obtained in the STM, are shown in Fig. 8.

With a decrease of the object thickness the size of the
excess-carrier generation volume also reduces due to a smaller
contribution of scattered primary electrons. The divergence b
of the primary beam for a small object thickness t, small size

of beam on the object (3 nm), and only elastic interaction of
electrons with the object [13] is given by

b � Z

E0

�
r
A

�1=2

t 3=2 : �9�

The dependences of this quantity on the electron beam
energy are shown in Fig. 9 for 1 and 2 mm thick Si films. For
100 keV electrons, the beam divergence in the 1 mm film is
only 0.2 mm, thus, taking into account the considerable
decrease of the diffusion length L in the film, it is easy to
realize much better spatial resolution than in the case of a
bulk material.

The observations of thin objects in a microcathodolumi-
nescence mode may be fulfilled in a scanning transmission
electron microscope. In this case the combination of appro-
priate findings with the possibility to visualize the crystal
defects by the usual methods of a transmission electron
microscopy permits one to study the peculiarities of recombi-
nation processes near individual defects of crystal structure,
e.g., dislocations and stacking faults.

4. Instrumentation

A standard experimental setup intended to investigate a
microcathodoluminescence includes a routine SEM or its
transmission version (STEM), a system which collects light
radiation and brakes it out the microscope column (collector
system), a system for spectral analysis of radiation (usually
monochromator), and a system which monitors a CL radia-
tion. The collector system mostly consists of a mirror and
lenses and is constructed to collect as many of emitted
photons as possible. Photomultipliers are usually used to
detect visual light, they comprise very efficient photodetectors
with gain factors up to 109. In the near IR range solid-state
photodetectors are employed: Ge and Si photodiodes [22],
and PbS and InSb photoresistors [23].
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Figure 8. Luminescence spectra obtained in STM at two different tip

positions over the GaAs/AlGaAs structure with a quantum wire array

(with a period of 765 nm) at the surface: just over a quantum wire (1), and

between two neighbouring wires (2). In curve (1) the peak is seen which

corresponds to the luminescence from the quantum wire, in (2) Ð the

luminescence from the quantum well layer at the object surface only [20].
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The regular andmost widespread operatingmodes of such
a setup consist in recording CL images of the objects and
monitoring CL emission spectra. In the first case either total
(integral or panchromatic) CL signal, which comes to the
photodetector bypassing the monochromator, or a fixed
spectral wavelength (monochromatic) CL signal, passing an
appropriately tunedmonochromator, are recorded. Here, the
electron beam is scanned over the object surface. In the
second case the electron beam is immovable, being positioned
at a definite, chosen point on the object, and now the
monochromator is scanned over the fixed spectral range.
This procedure allows for getting a CL radiation spectrum
emitted from a given point.

5. Information obtained from
a cathodoluminescence signal

The CL characteristics which carry useful information about
an object involve the total (integral) intensity of the CL
radiation, CL spectra, a dynamic of the onset and decay of
the CL radiation, and a polarization of the CL radiation. Let
us consider the examples of information which may be
obtained when recording one or another CL characteristic.

5.1 An integral cathodoluminescence intensity
This CL characteristic seems to be easiest for detecting. The
image in this case represents nothing but amap of distribution
over the object surface for a spatially dependent photon-
emission rate whichmay vary over the surface due to a variety
of factors.

In accordance with (7) the intensity ICL of CL radiation
depends on four factors: A, B, Z, and Dn, each being able to
have nonuniform spatial distribution over the surface of the
object. In general, the excess-carrier generation rate Dn has
uniform distribution except in objects that have portions of
the surface covered with opaque layers of different composi-
tion, e.g., metal contacts. This leads to the change of probe
electron energy losses directly in the object material itself,
and, accordingly, to the change of Dn.

The other three quantities are subjected to surface
variations to a greater extent. Thus, the presence of contam-
ination films or thickness variations of dielectric (cover)
layers may result in changes in reflectivity of light at the
object-vacuum interface, i.e. the value of B. In objects such as
multilayer heterostructures, the local variations of light
absorption coefficient may take place thereby affecting the
A quantity. There is a variety of factors that may influence the
local values of radiative trr and nonradiative tnr recombina-
tion lifetimes thus producing the spatial variations of the
internal quantum efficiency Z�r� over the object surface.

As a result, a `routine' CL-image contrast may be
provoked by an action of several of the above causes, so it is
very important to separate the contrast due to geometrical
effects from that due to irregularities in the luminescent
properties (internal quantum efficiency). If thin objects are
under investigation, the variations in the ICL may result from
changes in an object thickness leading to the alteration of a
degree of the probe electron energy losses in the object.

The factors affecting the internal quantum efficiency, and
information about which may be obtained from the ICL
signal, are the following:

(1) The dopant type and concentration
Such a dependence of the CL intensity measured from

GaAs : Te on the tellurium concentration is shown in Fig. 10

[24]. It is seen that the CL intensity is very sensitive to the
tellurium concentration change that causes an appearance of
contrast in CL images produced from the object regions with
different dopant concentration. Another example is demon-
strated in Fig. 11. The object was a polycrystalline PbS film
which began to take its luminescent and photosensitive
properties after annealing in air. The oxygen atoms pene-
trated deep into the film material inhomogeneously that is
seen from the oxygen distribution map (Fig. 11a) obtained
with an Auger microprobe [25], and this gave rise also to the
inhomogeneity of the luminescent properties.

(2) The presence of structure defects
As an example, consider dislocations which most often

reveal themselves as centres with higher nonradiative recom-
bination rate, and assume that an additional nonradiative
phenomenon is associated with a dislocation being character-
ized by a lifetime td. Then the effective lifetime at a dislocation
t 0, unlike the bulk lifetime tbulk, will be defined by the
relationship

1

t0
� 1

tbulk
� 1

td

1016 1017 1018 1019

102

101

100

10ÿ1

10ÿ2

N, cmÿ3

ICL, rel. units

Figure 10. Dependence of the CL intensity at 300 K on donor concentra-

tion for n-GaAs [24].

a b

Figure 11. SEM images of a PbS polycrystalline film: (a) in Auger electrons

whose energy corresponds to the oxygen Auger peak (the map of oxygen

distribution over the film surface), and (b) in a panchromatic CL signal

[25]. The horizontal size equals 32 mm.
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and a dislocation contrast can be expressed as
C � 1ÿ t0=tbulk. Since t0 < tbulk, the dislocations appear in
CL images in the form of black dots that has been shown for
the first time in [26]. In highly doped semiconductors, another
type of dislocation contrast, so-called `dot and halo' contrast,
was observed [3]. The possible causes of its appearance are
connected either with dopant atoms segregation at disloca-
tions and the luminescence yield increase in the dislocation
surroundings due to decrease of dopant concentration (the
right portion of the curve in Fig. 10), or with dislocation
gettering effect that results in reducing the local concentration
of nonradiative centres and leading to local CL enhancement
due to decrease of nonradiative recombination channel
efficiency. Both the types of images are presented in Fig. 12.

5.2 Cathodoluminescence spectra
The CL spectrum contains information about radiative
recombination mechanisms and energy states responsible for
the CL emission from a given object region. Information
obtained from spectra strongly depends on temperature: on
the one hand, the broadening of spectral lines at cryogenic
temperatures is small, and spectral lines corresponding to the
concrete recombination mechanisms are well resolved, but,
on the other hand, a change of recombination mechanisms
with temperature is also possible. At cryogenic temperatures
an essential reduction in the rate of an electron-beam-induced
damage of the object takes place. This fact goes especially
important when such easy degradable materials like CdTe
and HgCdTe are investigated.

With the availability of several radiative recombination
mechanisms to reveal themselves in the object it is necessary
to take into account that all of them compete with each other
as well as with nonradiative recombination channel. This fact
must be allowed for in cases when the excitation density
changes in the experiment. At the expense of this the essential
redistribution of recombination rates is possible between the
separate recombination channels leading on occasion to
considerable changes in the spectrum. This effect has to be
taken into consideration when comparing CL spectra
obtained from different regions of the object. The difference
in nonradiative recombination rates may be a cause of the

difference in the effective excitation density in these regions
even at the invariable experimental conditions, and the result
is an apparent change in the efficiency of the concrete
recombination channel.

Selecting with a monochromator one or another part of
the spectrum which corresponds to a particular radiative
recombination mechanism, and using this signal for ima-
ging, the distribution of this recombination mechanism over
the object surface can be mapped. Such a picture may
represent by itself a map of the separate phase distribution
over the object surface, if the CL emission in a particular
part of the spectrum corresponds to one phase at a time.
This mode, if the phases are disposed (hidden) at different
depths, may be used for nondestructive control of complex
structures. It was demonstrated in [27], where the defects in
the active layer of a InGaAsP double heterostructure were
observed under the emitter layer (naturally, the emitter layer
was thin enough in order that beam electrons could reach
the active layer).

Advances in epitaxial growth techniques have led to a
production of special (highly perfect) heterostructures such as
quantum wells (QWs) and superlattices. Alternation of
semiconducting layers with different band gaps, where it is
possible to set conditions for harnessing quantum size effects,
takes place in these structures, and a new type of intrinsic
emission is possible there. A quantum well is a thin layer of a
narrow-band-gap semiconductor placed between wide-band-
gap semiconducting layers. A periodic array of such alternat-
ing layers with different band gaps constitutes a macroscopic
quantum superlattice. In the first approximation the electron
energy states in the QW can be found by simplest quantum-
mechanical calculations, so that for a `particle in the one-
dimensional box' and for infinitely deep well they are as
follows:

En � �h2

2m

�
pn
L

�2

; �10�

where L is the width of the narrow-band-gap layer. Of course,
the potential well is not infinitely deep, so the wave functions
die away exponentially into the potential barriers, and this
may account for tunnelling through the barriers in a periodic
structure of Esaki superlattice [28].

The important luminescent properties of such wells are
pertinent to (1) strong dependence of the energy of the photon
emitted by the transition from the electron states (Eqn 10) to
the hole states on the well layer width L, and (2) since the
electrons and holes are confined in the same well layer, the
strongly bound excitons are formed there, and since the
excitons tend to recombine radiatively, a radiative recombi-
nation efficiency in the well layer is high even up to room
temperature. How high the sensitivity to the well-layer
thickness alteration is, the following fact shows: changing
the thickness only by one monolayer height leads to a
variation in the exciton peak position by several nanometers
what is easy to be measured. Therefore, it was proposed in
Ref. [29] to use the quantum well exciton as a beam for
monitoring the QW interface roughness. This is one of the
most important problems connected with the growth of QW
and superlattice structures because these structures consist
wholly or in part of interfaces, and radiative and nonradiative
recombination take place in the closest vicinity to the
heterointerfaces. In such a manner the giant monolayer-
growth islands were found at QW interfaces by using for

Â b

Figure 12. The integral CL images of dislocations in GaAs:Te: (a) as dark

dots (the tellurium concentration is 1017 cmÿ3), and as dots and halos (the
tellurium concentration is 1018 cmÿ3) [3]. The horizontal size runs to 41 mm
(left) and 85 mm (right).
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their visualization the CL emission peak which corresponds
to the position of the electron beam on an island (see Fig. 13).
The dimensions of these islands were several micrometers.

By variation of the accelerating voltage in the CL mode
and observing the CL spectra it is possible to realize the
unique feature of the CL technique Ð to get information
about the object in the third dimension, i.e. along the
coordinate directed in depth of the object (the so-called 3D
microscopy) and not photholuminescence. This possibility is
merely possessed by CL.

By varying the accelerating voltage a penetration depth of
beam electrons as well as a distribution of their energy losses
over the object (i.e. the electron-hole pair density distribution)
change that alters the depth of the CL signal generation and
contribution of the separate object layers to the total CL
signal. This technique of a `depth probing' is nondestructive
and irreplaceable in studying ion-implanted semiconducting
materials, since the penetration depths of electrons with
energies between 1 and 20 keV are comparable to that of
ions with energies from 50 to 300 keV usually used for
technological purposes in semiconductor industry. This fact
permits the use of the CL technique for investigating the
implanted dopant and induced lattice-damage defect distri-
bution in depth.

The examples in Fig. 14 [30] demonstrate the transforma-
tion of the CL spectra of a 100 keV-Xe+-implanted CdTe:In
sample with variation of the SEM accelerating voltage. The
objects were etched in depth to about 140 nm. Defects
induced by implantation cause the appearance of a 1.2 eV
luminescence band observed from depths by several hundred
nanometers exceeding the implant-ion range projected to the
surface normal (the so-called secondary effect of `driving in',
i.e. an additional moving forward of implanted atoms in the
object depth through the influence of shooting ions). The
appearance of the implantation-induced band is accompa-
nied by quenching of a 1.4 eV luminescence which is believed
to be due to transitions involving defect-impurity complexes
in CdTe. This may be caused by two factors: (1) a non-

radiative recombination efficiency growth at the expense of
implantation-induced structure defects, what is usually
`cured' by the further annealing, and (2) the competition of a
new (1.2 eV) radiative recombination channel.

The possibilities to obtain CL spectra at low temperatures
broaden our horizons as regards the analysis of the separate
object parts. Actually, with the exception of emission bands
which correspond to interband transitions, free exciton
recombination as well as recombination through the localized
states in the forbidden band, formed by dislocations, all the
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Figure 13. Illustration of the principle of CL imaging of an island-nature

structure of single QW interfaces with monoatomic height islands on each

interface (above); the CL spectrum with three peaks corresponding to

areas of the QW layer different in thickness and a relief of the lower half of

the interface are also shown below [29].
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Figure 14. CL spectra (at 80 K) of 100 keV-Xe+- implanted and etched in

depth of 140 nm CdTe:Im sample as a function of the electron beam

energy: (a)Ð20 keV, (b)Ð7.368 keV, (c)Ð2.714 keV, and (d)Ð1.0 keV.

The electron penetration depth is, accordingly: 1.44, 0.25, 0.044, and

0.0078 mm [30].
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other emission bands result from recombination with the
participation of impurity atoms. For each semiconducting
material the levels in the gap due to different impurities can be
tabulated. If transitions via these levels are radiative, then the
presence of the corresponding lines in the emission spectra
will allow for conclusions about the presence of a given
impurity in the analyzed volume of the object to be made,
i.e. to perform the qualitative microanalysis similar to X-ray
microanalysis. The sensitivity of such a microanalysis is of
several orders in magnitude higher than that of X-ray
microanalysis (the detectability limit runs to 1014 cmÿ3 or
less [31]). If the colour CL technique is used (see, for example,
[32]), this limit may be further lowered due to the higher
sensitivity of a human eye to colour variations.

As far as a quantitative CL analysis is concerned, there are
no practically appropriate theoretical elaborations for it
unlike the situation in an X-ray microanalysis, where the
quantitative methods were well worked out. Dependences
connecting impurity concentrations, CL emission intensities,
and band structure parameters are yet unknown. One of the
essential difficulty is involved in accounting for a nonradia-
tive recombination, and in controlling the effective excitation
density. A possible way to meet above difficulty is to compare
the intensity of the line considered with another reference-line
intensity which is determined by the carrier lifetime. In the
case of linear recombination, the intrinsic luminescence line
or, if it is impossible, a group of lines or a band-edge emission
may be used for a reference line, as it has been suggested in
Ref. [33]. The intrinsic luminescence line can be used in some
cases for determination of a matrix composition too. One of
the advantages in using the local CL spectra for this purpose
as compared to X-ray ones is the possibility to reach a better
spatial resolution at the sacrifice of operation with lower
accelerating voltages.

It should be noted that there exists one more unique
possibility inherent in the CL technique which permits us to
investigate kinetics of a luminescence onset and decay, and

which unlike the photoluminescence case allows the change of
the excitation pulse length without altering the rise and decay
times of the pulse to be made. The knowledge of the lifetimes
of nonequilibrium carriers in different states is very impor-
tant, both from the fundamental and applied points of view.
The properties and performance limits of many devices of
solid-state electronics depend on capture cross-sections. It is
very difficult to calculate them because of a variety of
parameters. A time-resolved local CL combines the advan-
tage of an electron probe instrument to study small volumes
in the object with the possibility to gain information on
capture processes by observing the time-dependent behaviour
of separate lines and bands in CL spectra. The realization of
this possibility has been come to in Ref. [34]. Experiments
have been conducted on n- and p-GaAs, whereas CL spectra
and transient relaxation processes have been investigated
depending on the excitation pulse length tp. The CL spectra
taken just after excitation with 2, 50 and 500 ns pulses (Fig.
15) differed essentially, and the number of working recom-
bination mechanisms was larger after the longer excitation
pulses. Following the 2 ns-pulse, the CL spectrum from the
n-type object (Fig. 15a) did not show any features connected
with the existence of neutral acceptors, whereas the spec-
trum from the p-type object (Fig. 15b) Ð neutral donors.
Thus, up to 2 ns after excitation onset, recombination
processes proceeded on bound minority carriers are com-
pletely absent, although free minority carriers are present.
The capture of free minority carriers into bound states
occurs at a much later time. These spectra directly visualized
for the first time the temporal evolution of the capture
processes.

The transients of the CL signal after the end of the exciting
pulse, naturally, depended strongly on tp as long as a quasi-
steady state was not yet reached (tp � 1 ms). At tp � 2 ns, the
integral CL intensity decayed with a time constant of about 1
ns (Fig. 16) corresponding to the relaxation time of the
exciton bound on a donor (see also Fig. 15a). With the tp
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Figure 15. Time-resolved local CL spectra of lightly doped n-GaAs:Sn (a) and high-purity p-GaAs (b) at 5.3 K. The spectra were taken after the time

intervals of 2 (1), 50 (2) and 500 (3) ns from the beginning of electron excitation pulses. A0 is a neutral acceptor, and D0 is a neutral donor [34].
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growth, the relaxation processes at neutral acceptors became
predominant.

5.3 Polarization of cathodoluminescence radiation
The CL polarization has been observed in a few works. For
the first time, it was apparently revealed on Zn2SiO4(Mn)
[35]. It was found that radiation from the grains with the c-
axis parallel to the object surface was highly polarized, and
the electric vector E was perpendicular to the c-axis. If the c-
axis of a crystal was perpendicular to the surface, the CL
radiation from it was unpolarized. An interesting detail has
been pointed out, but without an explanation Ð the peaks in
the spectra from the common crystal differed in position by
10 nm, if spectra were taken with the analyzer arrangements
distinguished by 90�.

In diamonds of type IIb, the blue CL radiation from linear
defects oriented in the h110i direction was observed, and it
was strongly polarized with the electric vectorE being always
in the above direction [36]. Later on, the same authors
identified these defects as dislocations [37]. It is interesting
that nearly all the CL emission from such diamonds origi-
nated from dislocations, although not all of them were
luminescent [38]. The CL emission from individual disloca-
tions in a type IIb diamond was observed at the wavelength of
435 nm, had maximum intensity at 170 K, and was polarized.
All the luminescent dislocations were dissociated, and dis-
locations directed along h110i featured a strong lumines-
cence. The vectorEwas parallel to the dislocation, regardless
of the Burgers-vector direction. A donor-acceptor pair
recombination model was suggested, taking into account the
different distances between pairs and the dislocation core [39].

A polarized local CL has also been observed on several
minerals [40]. For sphalerite, the degree of polarization
reached 100%. In the work cited, the two images of minerals
were obtained simultaneously with different (by 90�) analyzer
positions before CRT in each channel.

In more later works (e.g., see Ref. [41]) the polarization of
the local CL has been used to determine the spatial distribu-
tion of the stress tensor in GaAs/Si structures near and far
from microcracks. The structures exhibited uniaxial and
biaxial strains, and strain-induced splitting of the GaAs
valence band into a heavy-hole (hh) and a light-hole (lh)
subbands occurred, as it was shown by studying the hh- and
lh-exciton cathodoluminescence.

6. Perspectives of the technique
development and conclusions

For reasons of space we could not touch in this review all the
aspects of a CL microscopy and the CL phenomenon as a
whole. The problem of artifacts that may arise in CL
experiments was not discussed as well. Also, we omitted the
treatment of the question of CL technique application to a
geology and biology, so far as their objects need some specific
preparation just before installation into the microscope.

As far as the nearest perspectives of a CL microscopy are
concerned, the following should be, apparently, mentioned
here:

1. Transition from qualitative methods to quantitative
ones should be detailed. It concerns the determination of both
the values of separate electrophysical parameters of the
object, and luminescent dopants concentration. Taking into
account that the sensitivity of the CL analysis many times (at
least 105) exceeds that of an X-ray microanalysis, the CL
technique would permit one to control the real dopant
concentration in some semiconducting materials.

2. Extension of the working wavelength range of the CL
investigations into the near ultraviolet and infrared parts of
the spectrum beyond l � 5 mm. In the latter case special types
of photodetectors with a large working area and higher
sensitivity have to be constructed.
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