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A review of the applications of the scanning electron microscope cathodoluminescent mode is
given. Particular attention is devoted to the kind of information that can be obtained by
modifying the method in different ways, the problems of spatial resolution and the formation
of image contrasts. Results obtained for GaAs, GaP and other optoelectronic materials show
the advantages of the local cathodoluminescence method in determining local values of
electrophysical parameters in multilayer epitaxial structures, distribution of optically active
impurities, etc. These features make the method uniquely useful for the growth of
optoelectronic structures with prescribed properties.
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1. INTRODUCTION

The phenomenon of cathodoluminescence (CL)—the
emission of light in the ultraviolet, visible and infrared areas
of the spectrum as a result of irradiation by electrons—has
been known for a long time. Initial interest in this subject
was related to the study and use of phosphors. While ad-
dressing the practical problem of developing the best possi-
ble coating for the screens of cathode-ray tubes, researchers
investigated the radiative recombination processes and de-
tails of the band structures of II-VI semiconductor com-
pounds. As for the cathodoluminescence method itself, it
has come to be a standard tool in the study of band structure
in solids (mainly for the energy levels participating in pro-
cesses of radiative recombination), along with other meth-
ods as photoluminescence, optical absorption and reflection
of light.

Recently, interest in cathodoluminescence has in-
creased significantly in connection with the rapid develop-
ment of optoelectronics. The fabrication of high efficiency
semiconductor lasers and LED's, which are multilayer
structures with layer thicknesses of several or tens of mi-
crons, called for the development of new techniques with
high spatial resolution which could create predetermined
distribution of radiative recombination centers within these

layers by controlled introduction of active impurities during
the growth process. Scanning electron microscopy has
opened up many possibilities in this area.

The operating principle of a scanning electron micro-
scope (SEM) is as follows: a sharply-focused electron beam
(down to 2-5 nm in the best SEM models) is scanned by
deflecting coils, tracing on the surface of a sample a pattern
similar to a television raster (Fig. 1). The interaction of elec-
trons in the primary beam with the object give rise to a num-
ber of phenomena—secondary electron emission, character-
istic x-ray emission, cathodoluminescence and others. Each
of these phenomena can be used to modulate the intensity on
the screen of a cathode-ray tube included in a receiver cir-
cuit. A second electron beam is scanned across this screen
simultaneously and in phase with the electron beam scan-
ning across the sample. By studying SEM images from var-
ious signals one can obtain a great deal of information with
minimum sample requirements. For example, when emis-
sion of secondary electrons is used, one can obtain informa-
tion about surface topography and distribution of electric
and magnetic fields; when reflected electrons are used infor-
mation about the composition of the object and finally when
the self-focusing effect of the primary electron beam is used,
information about crystal structure of the object. If an elec-
tron, x-ray or optical spectrometer is added to the SEM sam-
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FIG. 1. A schematic showing the operating principle of the scanning elec-
tron microscope: CRT—cathode-ray tube; RE—reflected electrons; SE—
secondary electrons, AE—absorbed electrons.

pie chamber, it is possible to analyze spectroscopically the
composition of materials in any small area of a sample by
focusing the electron beam on that area using the image1.
This "point by point" way of using cathodoluminescence,
referred to as the local cathodoluminescence method, makes
it possible to study the structure of energy levels in small
areas of a sample.

The resolution or, as it is also commonly called, the
point to point resolution, is not the same for the various SEM
modes; it is determined by the nature of the sample and the
distinctive characteristics of the phenomena which give rise
to the signal used to form the image. In SEM work it is cus-
tomary to indicate the secondary electron resolution, which
is the best achievable resolution and which coincides with
the size of the electron beam on the sample. The resolution in
the cathodoluminescent SEM mode is significantly worse
for three reasons:
1) Unlike the secondary-electron emission mode, where the
maximum resolution is achieved for small electron-beam
currents (10~" A), the cathodoluminescence mode re-
quires currents 10 ~7-10 ~ 9 A because of the small signal am-
plitude, especially for objects with small radiative recombin-
ation efficiency; this entails an increase in the cross section of
the electron beam up to fractions of a micron.
2) Further, when secondary electron emission is used, the
size of the region with a high density of secondary electron
emission, which determines the resolution, coincides with
the size of the electron beam on the sample because of the
small geometrical escape depth of secondary electrons. In
the cathodoluminescence mode, the emission originates
deep in the sample, where the primary beam has already

undergone strong scattering, and the size of the area of in-
tense luminescence is significantly larger than the size of the
beam at the sample surface. Obviously, for very thin free-
standing films this negative factor is irrelevant.
3) In the cathodoluminescence mode the resolution is also
degraded because of diffusion of electron-hole pairs genera-
ted by the electron beam, whose recombination leads to
emission of light. In materials with a large minority carrier
diffusion length this can lead to significant loss of resolution,
which sometimes can be partially removed by using SEM in
the stroboscope regime or by processing the signal on a com-
puter.

As a result of all these factors the spatial resolution in
the cathodoluminescence mode can vary over a wide range
from several nanometers up to several microns.

The local cathodoluminescence method is used widely
for investigation of various kinds of samples, including geo-
logical and even biological samples. For example, when ap-
plied the geological samples, the local CL method has led to
determination of the phase composition of volcanic glass2,
samples of soil3, clays4'5 and lunar regolith.6 A detailed re-
view of the study of geological samples by local cathodolu-
minescence method has been published.7

Despite the fact that attempts were made to use the CL
SEM mode for the study of biological samples in the early
days of development of scanning electron microscopy8, the
CL mode has been properly developed as a tool in medico-
biological research only during recent years.9 The problem is
that many biological samples have relatively weak CL effi-
ciency, and when the signal is increased by increasing the
probe current, the fragile biological structures are some-
times destroyed. Nevertheless, one should note definite ad-
vantages of CL method compared to traditional fluorescent
microscopy: much larger depth of field, better resolution
and the possibility of combining it with other SEM modes,
for example with x-ray microanalysis.

There are two ways to study medico-biological samples
with CL: observation of "natural" CL from the studied ob-
ject, and study of a stained sample, i.e., a sample containing
some solution of a substance which exhibits strong lumines-
cence when irradiated by an electron beam; the sample is
studied by examining the area where this substance accumu-
lates. For example, localization of herbicides in the leaves of
plants or calcified areas in human aortas have been studied
by the first method, while passage of substances through the
root channels of plants has been studied by the second meth-
od.

It is characteristic of medico-biological samples that
modern methods of preparing them (i.e., fixation with the
help of various alcohols or of osmium tetroxide, fast freez-
ing, drying at some critical temperature in an inertias atmo-
sphere, etc.), often lead to preservation only of the surface
geometry of a sample, and not of its internal structure and
composition. This situation has always led to attempts to
study biological samples in wet form.10 The possibility of
such studies using the CL mode had been demonstrated in
Ref. 11. Samples were attached to the photocathode of a
photomultiplier that was placed in a chamber isolated from
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the vacuum pumped area of the microscope and having an
autonomous pumping system which could provide any de-
sired pressure (up to one atmosphere). An electron beam
reached a sample through a 0.5 mm hole covered by a thin
polymer film.

As mentioned above, the local CL method offers the
most diversity as to samples studied. To the list of samples
given above could be added metals (Lilienfield's emis-
sion) 12, polymer and synthetic materials and fibers13, rocket
fuel14, threadlike single crystals15 and many others. This ar-
ticle will summarize and discuss the capabilities and pros-
pects of local cathodoluminescence SEM methods, using as
an example the study of physical samples—semiconductors
and dielectrics. A number of previous review articles and
bibliographies are given in Refs. 16,17.

2. INTERACTION OF ELECTRONS WITH SOLIDS

When an electron beam penetrates a sample its elec-
trons interact with the atoms and electrons of the sample and
are scattered. This scattering can be of two types: elastic
scattering, when the electron energy is practically un-
changed, but the direction of the electron's motion can be
significantly altered, and inelastic scattering when the elec-
tron energy decreases because part of this energy is trans-
ferred to atoms and electrons of the sample, while the direc-
tion of the electron motion changes only insignificantly. In
practice, both elastic and inelastic scattering occur; inelastic
scattering is more probable, however, for elements with low
atomic numbers, and elastic scattering is more probable for
elements with high atomic numbers. It is the inelastic inter-
actions in a sample that cause the secondary phenomena
used in SEM to obtain information about an object: secon-
dary electron emission, cathodoluminescence, etc. Despite
the fact that during elastic electron interactions no energy is
transferred to a sample, they play a very important role; it is
these interactions that cause the "spreading" of the primary
electron beam as it penetrates a sample, and the formation of
so-called energy dissipation areas and generation of various
signals. The size of the area depends on the energy of the
electron beam, the composition of the sample and the ioniza-
tion energy for the particular ionization process whose sig-
nal is being used in SEM to obtain the information about the
sample; this size can significantly exceed the size of the beam
at the sample. The shape of this area depends on the atomic
number of the material of the sample: for materials with a
low atomic number it is an elongated pearlike shape, for ma-
terials with a high atomic number it is, because of strong
elastic interactions, closer to a truncated sphere. The Bethe
formula is often used to estimate the penetration depth of
electrons into a sample. This formula gives the dependence
of the energy loss dEby an electron over an element of trajec-
tory ds as a function of sample parameters and energy E of
the electron:

d£ _
As — AE

,
ln

1,166£
(1)

tion potential of an atom, and e is the electron charge. Inte-
grating the expression ds/dE from the initial energy to zero
gives the average distance traversed by an electron along its
trajectory in a solid. Since the real trajectories are broken
lines because of elastic collisions and deviate strongly from a
straight line, the penetration depth calculated in this way
will be an overestimate, especially for materials with high
atomic numbers. Still, this penetration depth can be used for
a rough estimate of not only the maximal depth, but also the
width of the energy dissipation area for primary electrons in
SEM.

In semiconductors and dielectrics a significant part of
the energy deposited by the primary electrons of a beam is
used to form nonequilibrium electron-hole pairs. When
these pairs recombine, energy is released in the form of cath-
odoluminescence (for radiative recombination) or in the
form of phonons (for radiationless recombination). After
being generated in the energy dissipation area for primary
electrons, electron-hole pairs diffuse into adjacent regions of
the sample. The distribution of nonequilibrium carriers in a
sample can be found from the solution of the diffusion equa-
tion. For semiconductors with a very small radiative recom-
bination efficiency (re-emission is absent), and for low levels
of excitation this equation has the form

fl (An)
dt

(2)

where A« is the density of nonequilibrium carriers, D and r
are the diffusion coefficient and lifetime and g ( r ) is the gen-
eration rate of carriers by external excitation. For the parti-
cular case of a point source of nonequilibrium carriers the
stationary solution of equation (2) has the form:

Ae~ (3)

where N0 is Avogadro's number, Z is the atomic number, A
is the atomic weight, p is the density, / is the average ioniza-

where L = (Dr) l/2is the diffusion length for minority carri-
ers.

In the case when the radiative recombination efficiency
is high (i.e., the internal quantum efficiency is close to one),
one must add another term to equation (2) describing the
generation of minority carriers by re-absorption of recom-
bination radiation.

Cathodoluminescent radiation originates from an area
of the sample that has nonequilibrium charge carriers
(An^O). The efficiency of cathodoluminescence, i.e., the
fraction of nonequilibrium charge carriers which recombine
radiatively, depends on the nature of the sample as well as on
the level of excitation. Radiative recombination in semicon-
ductors and dielectrics can originate from several processes:
band-to-band transitions, band-to-impurity level transitions
and the decay of a free or bound exciton. Nonradiative re-
combination also can occur in several different ways. For a
number of materials collision-induced recombination (Au-
ger processes) begins to play a major role at very high levels
of excitation. As the excitation level increases further, irre-
versible changes in the material properties can take place
because of local heating.

Usually the processes of radiative and nonradiative re-
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combination take place simultaneously in luminescent mate-
rials. The probability of recombination is equal to the sum of
probabilities for all types of recombination:

1 l . l . l .
T=T;+^-+i7+--" (4)

where T is the average lifetime of minority carriers, rr is the
lifetime of radiative recombination and T, is the lifetime of
individual nonradiative processes. The intensity of the CL
signal depends on this average lifetime and is determined
both by radiative and nonradiative processes. This compli-
cates to some degree the interpretation of image contrasts for
this mode.

3. RESOLUTION AND IMAGE CONTRAST IN THE
CATHODOLUMINESCENT SEM MODE

As was said earlier, resolution in the cathodolumines-
cent SEM mode depends not so much on the size of the pri-
mary electron beam cross section at the object as on the size
of the area within which electron-hole pairs are generated
and then diffuse across. In materials with high quantum effi-
ciency the size of the actual region where pairs are generated
can substantially exceed the size of the region where pairs
are initially generated by the electron beam, because of
"photon transport"'8. By this we mean the excitation of non-
equilibrium charge carriers by reabsorption followed by
their reemission as intrinsic recombination radiation. As a
result of this absorption-emission sequence an electron-hole
pair "moves" in the sample a distance equal to the distance
traversed by a photon. In the absence of reemission the area
where pairs are generated practically coincides with the en-
ergy dissipation area for primary electrons and any addi-
tional movement of pairs takes place by diffusion. For sub-
stantial diffusion lengths the size of the area occupied by
injected carriers can significantly exceed the cross section of
the primary electron beam on the sample. For example, for a
beam with a cross section of 1 //m and for a diffusion length
of 3 ftm the size of that area is about 7 fim. For an average
energy of pair formation of 3 eV, an electron beam with an
energy of 30 keV and a current of 10~6 A creates about
6- 1016pairs/secinavolumeof2- 10~9cm3. For the minority
carriers lifetime of lO^9 sec the average density of excess
carriers is 3-1016 cm~3. In materials with large lifetimes,
even higher densities of excess carriers can be achieved.

The density distribution of excess carriers in the area
where they are present is far from uniform. Naturally, the
resolution is determined by that portion of the area where
the density of excess carriers is large. Due to the small num-
ber of recombination events CL radiation from regions with
low carrier density cannot carry useful information about
details of those regions and serves as a background for the
main CL signal from regions with high carrier density. The
resolution may also be influenced by the presence in the sam-
ple of layers with low efficiency of radiative recombination
and of surface films, and by the value of the refractive index
of the sample, the sample's absorption coefficient, etc.

The background signal from areas with low carrier den-
sity can be eliminated, thus effectively limiting the geometri-
cal dimensions of the radiating area and increasing spatial

resolution in the CL mode. This was done in the case of pulse
irradiation of a sample in SEM by limiting the information
collection time to values significantly smaller than lifetime
of minority carriers. In this case the microscope operates in
the stroboscopic mode, and the CL signal is recorded only at
the very beginning of the carrier diffusion process when the
stationary distribution has not yet been established, so that
the size of the nonstationary distribution is significantly
smaller than the size of the stationary distribution.19 Natu-
rally, this approach will be effective if the diffusion length
significantly exceeds the size of the region where pairs are
generated. A disadvantage to this pulsed regime is the de-
crease in the useful signal which occurs simultaneously with
elimination of the background signal; therefore, in order to
receive images of good quality, one should significantly in-
crease the accumulation time of a signal, i.e., the exposure
time.

The resolution can also be increased by processing the
images on a computer. In this case one must assume a priori a
model that quantitatively describes the minority carrier dis-
tribution function in a sample. Such a function can be de-
rived from a correct solution to equation ( 2 ) . The origin of
the increase in spatial resolution is the same in both cases—
deletion of part of the signal which forms the image. Thus, in
order to check the theoretical model, it is recommended to
compare images received by both methods, since the strobo-
scope method does not depend on any a priori consider-
ations.

In general, all such methods of signal processing allow
one to separate out only those variations of signal that exist
in the signal before its processing, although these variations
may be difficult to distinguish. From this point of view a
significant increase in exposure, i.e., accumulation of signal
with subsequent digitization of brightness values will allow
one to register weak variations of signal on the large back-
ground noise and will thus contribute to the increase of im-
age resolution.

The image contrast in the CL SEM mode is determined
by the changes of CL characteristics from one point of the
sample to another; these changes depend on the variation of
local values of the sample parameters or characteristics. By
sample characteristics we mean everything that causes
changes in the energy band structure and in the concentra-
tion of recombination centers: composition, level of doping,
presence or absence of certain radiative and nonradiative
recombination centers, crystal structure, degree of strain,
presence of structural defects and temperature. The variable
characteristics of CL which can be used to represent infor-
mation depending on the system of CL recording, are inte-
grated intensity, spectral composition, kinetics of rise or de-
cay of luminescence for pulsed irradiation and polarization
of CL radiation. Apart from these causes, local CL charac-
teristics can be influenced by the presence of surface films on
the sample that can absorb and reflect recombination radi-
ation, and the topography of the surface of the sample, as, for
example, in the case of phosphors, which are powders com-
posed of small randomly-oriented crystals.

The dependence of the CL intensity on doping20 and
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excitation levels has been studied experimentally in single
GaAs crystals. It has been shown that for a given sample
temperature the CL efficiency goes through a maximum as a
function of doping concentration (Fig. 2). By studying this
doping dependence of the CL efficiency, one can correctly
explain the contrasts on CL images. For example, when im-
purity segregation takes place on dislocations, the disloca-
tion images in the CL mode are lighter or darker relative to
the background, depending on which side of the maximum
in the curve shown in Fig. 2 the point which corresponds to
the initial doping concentration lies (i.e., on the increasing
or decreasing side).

The sensitivity of the CL SEM method to the presence
of small amounts of luminescing impurities in the sample is
rather high compared with other methods of material analy-
sis (x-ray microanalysis, laser microanalysis, Auger spec-
troscopy, etc.) and is 10~7 percent or 10~18 g.21

The presence of structural defects that usually give rise
to deep energy levels and act as centers of nonradiative re-
combination leads to a decrease in the CL intensity; this fact,
as will be shown later, is used to make them visible. For
example, in AlGaAs-In.,. Ga, _x As structures both the lat-
tice mismatch and dark-line density (i.e., the images of mis-
match dislocations in the CL mode) near the heterojunction
increase with increasing x.22 In some cases, however, struc-
tural defects can contribute to radiative recombination. For
example, in single-crystal samples of MgO, strain-induced
point defects near dislocations can cause an increase in the
CL intensity from the compressed areas, while dislocations
formed during growth have no point defects and conse-
quently have no such influence on the CL. These areas also
exhibit a different kind of CL intensity variation when irra-
diated by an electron beam: under electron-beam irradiation
the intensity decreases with time from strained areas and
increases from unstrained areas. It is possible that the differ-
ence in CL behavior of the strained areas is caused by the
presence of negative ion vacancies. Other effects induced by

N, cm"3

FIG. 2. Dependence of relative intensity /of the edge CL in a GaAs single
crystal on the doping concentration (N) .20 For the n-type: I, 2 — Te, Se; 3,
4 — Sn; for the p-type; 5, 6 — Cd, Zn. I, 3, 5 correspond to temperature of
300 K; 2, 4, 6 — to temperature of 77 K.

electron irradiation are due to changes in color centers.23 A
similar increase in the CL intensity from dislocations has
been observed in single-crystal samples of YAG-Y3Al5Oi2

due to the clustering of luminescent ions and oxygen vacan-
cies near dislocations.24 In GaAlP the red CL emission band
due to defects formed during growth originates in the
strained area near the heterojunction (Fig. 3).25

From all that was said above concerning the influence
of structural defects on CL, it is clear that the CL is strongly
affected by their presence. It follows from this that the CL
SEM mode can be successfully used to control the crystal
quality of semiconductor layers, and thereby increase the
efficiency of semiconductor devices made from such layers;
this is especially important for heterojunction devices.26

With a decrease of sample temperature the recombina-
tion radiation intensity increases sharply. This is due to a
decrease in the number of nonradiative transitions at low
temperatures. Thus, the use of liquid nitrogen and especially
liquid helium temperatures provides an opportunity to study
luminescence in materials with small intrinsic quantum effi-
ciency. The temperature dependence of the CL intensity has
been used to determine the local temperature in GaAs Gunn
diodes during their operation. The accuracy to which the
local temperature was measured was + 4° at a spatial resolu-
tion of ~ I fim.21

The CL emission spectra depend strongly on sample
composition. For example, a variation in ternary alloy com-
position leads to a change in the forbidden gap energy Es and
to a shift in the absorption edge; the position of the edge
corresponds uniquely to a particular composition. This fact
is often used to determine the alloy composition from a cali-
bration curve previously obtained, e.g., the work on
CdS, _ x Sex alloys in Ref. 28.

When several radiative recombination mechanisms are
operating, the CL spectrum can depend strongly on the con-
centration of one of the activators; for example, on the con-
centration of nitrogen in gallium phosphide (Fig. 4).29 In
this case, in addition to a "redistribution" of the recombina-
tion among the various recombination channels (i.e., the rel-
ative contribution of each channel to the recombination is

10 microns

FIG. 3. Intensity distribution of the red CL band with Avmax = 1.94 eV"1

and the induced type signal (2) from the cleaved surface of a Ga0 5 A10, P
structure.25
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FIG. 4. CL spectra of p-GaP : N layers with concentration of carriers
5-10'7 cm~3 for 80 K and various doping concentration of nitrogen.29

changed, along with the corresponding intensity in that por-
tion of the spectrum fed by the channel), the luminescent
intensity due to bound excitons on individual nitrogen atoms
(line A) is also changed because of self-absorption of these
nitrogen atoms.

By using a monochromator to select various spectral
regions which correspond to a particular radiative recom-
bination mechanism, and using the resulting signal to con-
struct the image (a so-called monochromatic CL image),
one can determine in which area of the sample a given mech-
anism is active. For example, using the fact that emission
from the hexagonal and cubic phases of ZnSe occurs in dif-
ferent parts of the spectrum, identification of these phases
has been carried out with the help of monochromatic CL
images (Fig. 5).30

Sometimes for various reasons the CL spectral varia-
tions are so small that they cannot be determined from the
spectra themselves. In other cases, the sample areas that
emit CL of various spectral compositions are randomly dis-
tributed across the sample and cannot be distinguished in the
integrated CL or in any other SEM mode. In these cases it is
convenient to pursue the analogy between regular color flu-
orescent microscopy and the CL color mode in SEM, i.e., to
record the CL color images directly in natural light on the
screen of a color projector. Because of the high sensitivity of
the eye to color, it is possible to distinguish very small
changes in the CL spectrum on the color image. This method
can also be used for phase analysis. For example, the sharp
difference in color between scheelite (light blue) and molyb-
doscheelite (yellow) aljows one to discriminate between
these phases and to study zonality and replacement of rock
molybdoscheelite in rock forms.31 The mechanism of small-
crater formation during cumulative loading of MgO has
been studied using the CL color mode.32 The appearance of

J I
tea 450

FIG. 5. CL spectrum of a epitaxial ZnSe layer (a) and a monochromatic
CL microphotograph of the same area obtained by using the peak //,,
corresponding to recombination of the exciton bound to defects in the
hexagonal phase (b), and by using the peak C,, corresponding to recom-
bination of exciton bound to defects in the cubic phase (c) (T= 77K).'°

areas with a different luminescence color in the vicinity of
the area under pressure is visible in color images; at the same
time no changes in the picture are seen in the usual CL mode.
The high sensitivity of the human eye to color variation can
also be used to increase the amount of information contained
in the image by using color coding.33

The dynamics of spectral variation with temperature
has been studied for samples of lunar soil and gallium phos-
phide p-n junctions. In order to make accurate temperature
measurements under the beam one can use the known tem-
perature dependences of edge emission and exciton recom-
bination peaks. In indirect-gap band structures, where sev-
eral recombination mechanisms may exist, the
recombination mechanism itself can change with tempera-
ture, and so this temperature measurement method can not
be used. This is the case, for example, in GaP, where because
of changes in the recombination mechanism there is no no-
ticeable peak shift in the CL emission from the p-region.34

Details of CL kinetics are studied using the microscope
in the pulsed mode. In this mode one can study the CL rise
and decay kinetics and by using the stroboscopic method,
observe the CL distribution images across the sample for
various phases of the dynamic processes. In this latter case
one can detect inhomogeneity of the kinetic processes taking
place in various areas of the sample and, in particular, the
process of trap filling.35 Using this method, the CL relaxa-
tion times in GaP36 and in activated Mn2"1" phosphors37 were
analyzed; in addition, a propagating acoustic wave was
made visible in single crystals of quartz.38 The problem of
measuring carrier lifetimes in semiconductors from the de-
cay of the CL signal with pulsed excitation has been studied
in detail in Ref. 39, where it was shown how surface recom-
bination, self-absorption and the finite size of the sample can
affect the CL decay. Theoretical calculations using a simpli-
fied model of the carrier generation function have demon-
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strated that under certain conditions one can determine ac-
tual carrier lifetimes and surface recombination rates from
the temporal behavior of CL decay for pulsed excitation. A
method which allows one to obtain maps of local lifetime
distributions over the sample has been suggested in Ref. 40;
in Ref. 41 this method was modified with the use of color
coding. The use of color cathodoluminescence enables one to
observe the local kinetics of CL spectra across an entire sam-
ple. Such observations have been carried out on samples of
molybdoscheelite and single-crystal semiconductor sam-
ples.42"46 Evidently, the dynamic CL spectra of various
phases of luminescence relaxation processes can also be re-
corded in the stroboscopic mode by passing the CL emission
through a monochromator,45'46 but the use of color CL is not
only more convenient, but is also more sensitive to small
variations in spectral composition, although in practice the
information so obtained is only of a qualitative character. In
the stroboscopic mode differences in the kinetics between
various phases of the sample can be used to identify these
phases even when their emission has very similar spectral
composition. For example, SEM has been used to solve the
structural problem of finding inclusions of different phases
in the bulk of a heterogeneous crystal and to study processes
of energy migration in doubly activated phosphor crys-
tals.42-45'46 Figure 6 shows two photos of molybdoscheelite
samples, for continuous irradiation by electrons (on the left)
and for pulsed irradiation (on the right). Since the risetime
of luminescence in scheelite is two times shorter than the
risetime in powellite, one has an opportunity to observe with
high resolution the decay process in molybdoscheelite sam-
ples in which segregation of the powellite phase has oc-
curred. It should be noted that the proposed method can be
considered as an artificial confinement of the emission re-
gion, giving improved spatial resolution in a continuous
sample. Besides, "waiting" for luminescence radiation to de-
cay can be a useful feature in the study of dielectrics (scintil-
lators, biological samples, minerals, etc.), which are sus-
ceptible to charging by electron irradiation. In these cases a
charge generated by the electron beam has enough time to
dissipate because of the intervals between periods of irradia-
tion by the electron probe.

Recording of radiation already in the initial stage of its
rise makes it possible to record also the local CL spectra with
high spatial resolution in materials with sufficiently large
quantum efficiency.

FIG. 6. Microphotograph of molybdosheelite in CL regime for contin-
uous (on the left) and pulsed (on the right) radiation (magnification in
picture on the right is 4 times larger).

CL kinetics, like CL intensity and spectral composition,
depends not only on the composition of the sample and the
presence of various recombination centers, but also on the
conditions of the experiment, particularly on temperature.
In Ref. 47 this fact was used for temperature measurements.
For this purpose a calibration curve describing the depen-
dence of the CL rise rate as a function of sample temperature
was plotted for ZnSe samples; this made it possible to mea-
sure the local temperature of such samples, provided, of
course, that the sample is sufficiently uniform.

First attempts to measure the polarization of CL radi-
ation in the case of local irradiation by an electron beam were
made in Refs. 48-50. Crystals of natural willemite activated
by Mn2+,48 sphalerite and molybdoscheelite, were investi-
gated, along with artificially grown barium titanate and
KDP49, and both natural and synthetic diamonds.50 The im-
age contrast depends on the orientation of the electromag-
netic field vectors. CL radiation was recorded with two pho-
tomultipliers, in front of which were placed two polarizing
color filters with mutually perpendicular orientations
through which radiation was passed.49 Signals from the pho-
tomultipliers were amplified and sent alternately to a micro-
scope videocontrol, which made it possible to obtain CL im-
ages for two different orientations of the electromagnetic
field vectors, to compare them, carry out measurements of
polarization and, using color coding, to obtain images carry-
ing information about the polarization distribution over the
sample.

4. EXPERIMENTAL TECHNIQUE

The first work on local cathodoluminescence was car-
ried out using x-ray microanalyzers. A visible light micro-
scope attached to the sample chamber was used to collect the
CL radiation (Fig. 7a). Recording was done with a photo-
multiplier placed immediately after the exit port of a visible
light microscope (integrated CL), or after the radiation had
passed through a monochromator (spectral CL). If, in addi-
tion to mirrors, the prisms and lenses of the light microscope
were used51, the transmitted radiation was limited to the
visible part of the spectrum. Integrated CL can be recorded
by placing a light fiber connected to a photomultiplier, or
simply the photodetectors themselves, in the immediate
proximity of the sample. CL radiation from low efficiency
GdTe and Si samples was detected with Ge and PbS solid
state photodetectors placed in this way.52'53 Photodetectors
can be also placed under the sample if it is sufficiently thin.
In this case a "transmission" CL method is being used,
which enables one to observe structural effects in the bulk of
a material.54 Another method of extracting CL radiation
from a sample chamber is the use of a parabolic mirror and a
focused lens55 (Fig. 7b). The collection efficiency of CL ra-
diation for such a system can approach 95%. Systems using
mirrors and lenses are complicated to align; however, unlike
systems with flexible light fibers (for example, an elliptical
mirror with a sample placed at one focus and the tip of the
fiber which conducts away the radiation, placed at the other
focus (Fig. 7b)12, these optical trains allow one to convey
radiation in an optimal way to the slit of a monochromator,
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FIG. 7. Experimental apparatus for collection and extraction of CL radi-
ation, a) by using a visible light microscope; 1—current probe, 2—sam-
ple, 3—spherical mirror, 4—flat mirror, 5—photomultiplier, 6—amplifi-
er, 7—recording device51'59, b) by using a parabolic mirror; 1—
paraboloid mirror, 2—current probe, 3—beam aperture, 4—sample, 5—
lens, 6—wall of the sample chamber, 7—exit window,55 c) by using an
elliptical mirror; 1—sample, 2—ellipsoid mirror, 3—optical fiber, 4—
wall of the sample chamber12.

utilizing its angular apeiture to the fullest extent.
Recording spectra with monochromators usually takes

place sequentially across the spectral range. The use of opti-
cal multichannel analyzers (OMA) has made possible the
conversion from sequential accumulation of information to
simultaneous accumulation across the entire spectral range
or across all time intervals of the CL relaxation pulses. In
both cases, spectral or temporal dispersion of radiation is
transformed into spatial dispersion (in the first case with the
help of a monochromator with a remotely placed exit slit, in
the second case with the help of a streak camera); then this
spatial picture is read simultaneously by optical multichan-
nel analyzers whose output is accumulated in the various
analyzer channels.56'57 This makes it possible to reduce sub-
stantially the information recording time and to exclude the
influence of instabilities during system operation which can
be quite significant for prolonged times involved in sequen-
tial recording.

One should note separately the use in SEM of a new
method of spectral recording with an improved signal-to-
noise ratio that is especially important for infrared spectral
recording.58 The authors use Fourier spectroscopy, i.e., they
record interferograms of CL radiation, from which they ob-
tain the optical spectrum by Fourier transformation. The
installation was specially developed for CL studies. Its dis-
tinct features are: 1) horizontal location of a column for
better interface with optical devices, whose optical axes are
usually horizontal; 2) the possibility of achieving beam cur-
rents of 40 yuA for a spot size of 0.5-4 fim. CL relaxation
processes in silicon have been studied using this apparatus.

The stroboscopic SEM mode described above was used
to record CL kinetics in the system whose block diagram is
shown in Fig. 8. In this case an electron beam was modulated
by an electronic shutter made of a pair of deflecting plates
and a diaphragm, and the pulsed CL was registered in two

FIG. 8. Block-diagram of a stroboscopic SEM for studying time-depen-
dent CL processes. 1—oscilloscope; 2—SEM column deflecting plates;
3—pulse generator; 4—sweep generator block; 5—videocontrol system;
6—mode switch; 7—synchroselector; 8—tuned amplifier; 9—photomul-
tiplier with strobing shutter; 10—sample; 11—secondary electron collec-
tor; 12—fast response photomultiplier; 13—stroboscopic attachment.

ways. In the first case, in order to obtain stroboscopic images
of the sequential radiation decay across the sample, a signal
from a strobed photomultiplier was sent after synchronous
detection to a microscope videocontrol system. The opening
of the photomultiplier (and therefore the recording) was
implemented by pulses from the second channel of the same
generator, delayed in relation to the first channel. As a result
one obtains images of various stages of the luminescence de-
cay some regulated time after irradiation by the electron
beam. In order to obtain quantitative information, the radi-
ation was recorded using another photomultiplier, whose
signal was observed with the help of a stroboscope oscillo-
scope.

5. INVESTIGATIONS OF SEMICONDUCTOR MATERIALS AND
DIELECTRICS

5.1. III-V compounds and ternary compounds based on them

GaAs. The first detailed SEM study of luminescent se-
miconductor materials was done on tellurium-doped single
crystals of GaAs.59 GaAs is a direct gap material with high
quantum efficiency whose emission spectrum is in the near
infrared between 0.7 to 1.2 fj,m. Images in the CL mode re-
veal black and white stripes related to variations in the Te
concentration which appears in the sample during the
growth process. More detailed studies of GaAs doping inho-
mogeneities were done using devices having attachments for
luminescence spectral analysis. A method for determining
the doping concentration of Te-doped gallium arsenide was
developed in Ref. 60. The dependences of the CL peak ener-
gy position and CL emission half-width on electron concen-
tration were used for this purpose; the concentration was
determined to 15% accuracy. This method cannot be ap-
plied in the vicinity of a p-n junction, where material is com-
pensated. As was shown later (Ref. 61), one can construct
calibration curves for this technique and also determine ac-
ceptor concentrations from them.

It should be noted that reliable identification of layered
impurity inhomogeneities caused by aggregation of irnpuri-
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ties at dislocations is possible only in samples with small
dislocation densities (NdM < 104 cm~2).62 In some cases in-
homogeneity in the doping distribution is caused by sample
dislocations.63'64 When a GaAs:Te crystal is bent, a decrease
in SEM CL radiation is observed from the strongly deformed
regions. After brief heating (700°C, 15 minutes) the intensi-
ty of CL begins to grow, almost reaching the CL intensity
from nondeformed areas. This phenomenon is connected
with the annealing of dislocations and redistribution of dop-
ing impurities.65 In some cases a new peak in the CL spec-,
trum is observed in the vicinity of dislocations; the contrast
at dislocations is explained by the presence of point defects
(gallium vacancies ) and their active interaction with telluri-
um.66'67

A sign change in the contrast at the image of a disloca-
tion with a change of current direction was observed in
GaAs:Se in the CL mode.64 The relative CL intensity has
been measured, and from it the concentration of Se has been
determined in the vicinity of a dislocation; the intensity was
observed to be a minimum at the center of dislocation (Fig.
9a) . The relaxation time of the CL signal with pulsed excita-
tion was also a minimum at the same place (Fig. 9b). De-
tailed investigations have shown that selenium and silicon
interact with dislocations to a much lesser extent than tellu-
rium.68

In studying GaAs diodes in the CL mode a change in
contrast was discovered near the p-n junction whose position
was determined from a maximum in the signal current in-
duced by an electron probe (of the induced current). De-
tailed analysis of p-n junction images has been carried out in
Refs. 64,69-71.

The SEM CL method was used for the first time for the
determination of values of important semiconductor param-
eters, i.e., the minority carrier diffusion length, the surface
recombination rate and the thickness of the "dead" layer on
the semiconductor surface of GaAs samples.72-73 The pri-
mary advantage of the CL method compared to the induced
current method is that no electrical contact with the sample
is needed; likewise there is no need for a p-n junction or
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FIG. 9. Variation of CL intensity / (a) and CL relaxation time r (b) near
a dislocation in GaAs: Se as a function of the probe position x relative to
dislocation center.

Schottky barrier. Values of the parameters listed above were
found by comparing the theoretical and experimental CL
intensity dependence on the accelerating voltage. In calcu-
lating the theoretical dependence the electron-hole pair gen-
eration function was approximated by a Gaussian curve; a
possible nonlinear dependence of the CL intensity on the
probe current (the nature of which was not quite clear), was
taken into account in Ref. 73. The accuracy of this method
was not very high simply because CL absorption in the sam-
ple was not taken into consideration. A slightly modified
method for determining the diffusion length from CL radi-
ation was suggested in Ref. 74. By taking into account the
self-absorption of CL radiation on its exit from the sample it
was possible to determine the semiconductor parameters
more accurately and to explain the shift of the spectral peak
towards lower energies.75 Self-absorption of radiation in the
sample, as was shown in Ref. 76, can significantly limit how
deep into the sample one can obtain information in the CL
mode; this fact must always be taken into account for large
values of the absorption coefficient.

Ga, _ x A\x As. One of the most important problems in
the study of these alloys is to determine the dependence of
the emission spectrum on chemical composition, and the re-
gion of transition from indirect to direct-gap semiconduc-
tors, since the direct-gap compounds have the largest effi-
ciency.77"79 Parameters describing the temporal, spectral
and temperature behavior of radiation from Ga1_JCAl^As
LEDs also have been measured. Introducing structural de-
fects in GaAlAs by neutron irradiation leads to selective
quenching of the emission band due to recombination via a
level related to zinc doping. This could be seen in the falloff
in luminescence and the shift of the spectral peak towards
higher energies. Annealing of samples did not result in any
changes.80

GaP. Many papers have been published on research in-
volving GaP epitaxial layers and p-n structures in connec-
tion with the wide spread use of this material for preparation
of red, green and yellow LEDs. This application stimulated
attempts to predict the electroluminescent efficiency of fu-
ture LED's from results of local SEM CL. For example, dur-
ing research on red GaP:ZnLED's69'71'81'82 a correlation was
found between the distance from the p-n junction to the
region of CL decrease (Fig. 10; for these samples the "dip"
of total CL in the area of the p-n junction was absent) and
the LED efficiency in the electroluminescent mode71, and

shift

—loop

FIG. 10. Distribution (along a scanning line) of the induced current (1C)
and integrated cathodoluminescence (CL) intensity for a GaP LED, de-
monstrating the shift between the 1C curve peak (the position of a p-n
junction) and the 50 percent point of the CL curve." A large shift corre-
sponds to a low efficiency LED.
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the influence of thermal processing of the initial structures
was analyzed.82 Following a method described in Ref. 73
nomograms were constructed in Ref. 83, from which it was
shown that in the unfocused beam mode, when saturation of
recombination centers is absent, one can measure minority
carrier diffusion lengths in GaP:Zn,O.

In order to obtain green LED's, gallium phosphide is
doped by adding isoelectronic nitrogen. In an optically ac-
tive state the nitrogen atoms, which substitute for phos-
phorus atoms, form traps. These traps bind electrons and
holes with the formation of an exciton, whose recombination
leads to the appearance in the OaP:N spectra of the A and
NN lines (an exciton bound to a single nitrogen atom and to
neighboring pairs of nitrogen atoms respectively). These
lines are accompanied by phonon satellites of which the
strongest is an A-LO phonon. These lines can be well re-
solved at low temperature (see Fig. 4); and the concentra-
tion of nitrogen can be estimated from ratio of NN and A
lines.29 This method, however, can lead to significant errors,
due to the fact that emission from the line A undergoes self-
absorption when passing through GaP:N. This fact was used
in Ref. 84 to determine the local concentration of nitrogen
from the degree of self-absorption of line A, by reconstruct-
ing its true intensity from the lines A-LO and A-2LO (the
relative intensities of all three lines obey the Poisson law).

Emission from the p- and n-regions of p-n structures is
substantially different when nitrogen doping is implemented
not only in the n-region, but also in the p-region. At low
temperatures, a significant contribution in the p-region
comes from recombination via donor-acceptor Zn-Te pairs,
changing with increasing temperature to hole-donor recom-
bination. If, additionally, nitrogen is present in the p-region,
nitrogen lines appear on "pedestals" of bands listed above.34

The presence of various activators for red and green emis-
sion from GaP made it possible to produce yellow and or-
ange GaP LED's by simultaneous excitation of lumines-
cence in the red and green bands of the spectrum. The use of
local CL method makes it possible to determine the contri-
butions of radiative recombination mechanisms by cleaving
p-n structures with complex doping, such as p-GaP:(Zn,
O,N) -n-GaP: (Te,N).K5 It was discovered that the different
recombination mechanisms interact with one another. This
can be seen in Fig. 11 which shows the distribution of emis-
sion intensity for the green (/,) and red (/2) bands across a
p-n structure cleavage plane as the oxygen concentration is
increased. It can be seen that with the increase of the red
band intensity the green band intensity decreases. The red
band peak in efficient yellow and orange LED's is shifted
closer to the p-n junction, and in the most efficient structures
a red band was observed also in the n-region, which was
accompanied by a drop in intensity of the green band in the
n-region.

The presence of a large number of radiative recombina-
tion channels competing with each other and also with non-
radiative recombination channels, is the cause of the com-
plex variation of CL spectra (especially for structures with
yellow emission) caused by neutron irradiation.86 This
could be interpreted as "selective" band quenching; in fact,

microns

FIG. 11. Typical carrier concentration as a function of distance from a
junction measured across the cleaved surface of efficient yellow (a) and
orange (b) LED GaP—structures, and the intensity distribution of mo-
nochromatic CL in the green (/,) and red (72) bands across cleaved sur-
face for a gradual increase in oxygen concentration in the p-region for
r=300K, t /=30kV,/ , = 2- l ( r 7 A (c-e).85

however, this is a demonstration of the variation of the effec-
tive level of excitation due to the injection of a large number
of nonradiative centers.

A number of papers is devoted to investigation of CL
with dislocations in GaP87'88 or of areas in the immediate
vicinity of dislocations. Comparison of CL microphoto-
graphs with thinned-sample photographs taken with an elec-
tron microscope in the transmission mode gives direct proof
that the dark points on CL images correspond to crystal
surface dislocations. Various types of dislocations—screw
type, edge type, etc., result in dark spots on the CL images of
the same size and intensity.89 The size of dark spots on CL
images depends, generally speaking, on various factors—the
size of the pair-generation area, the minority carrier diffu-
sion length, the electron probe diameter, etc. The minimum
size of dislocation images in GaP in the CL mode was about 1
/zm90 at 15 kV and was in practice limited by the size of a
diffusion length. In most works on the study of defects in the
CL mode, images in the induced current mode were also
given for comparison purposes, and not only structural de-
fects but also doping non-uniformities were observed.1" It is
possible to observe dislocations and estimate their density in
this mode up to dislocation densities of ~ 10~7 cm~2, which
in turn makes possible the study of dislocations formed dur-
ing the growth of layers, as well as dislocations created dur-
ing deformation.92

The high spatial resolution of CL methods and of in-
duced SEM currents has made it possible to undertake the
study of individual dislocations.93"95 The CL spectra and
minority carrier lifetimes T in GaP have been measured at
dislocations and away from dislocations; it was found that
the CL spectra differed insignificantly, while the time T at
dislocations decreased by 30-50%.% Dislocations behaved
as efficient centers of nonradiative recombination, as a result
of which they are responsible for a significant part of total
CL radiation; this becomes even more evident with an in-
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crease in dopant concentration. This fact served as direct
confirmation of the role of impurity segregation at disloca-
tions. The efficiency of dislocations as centers of nonradia-
tive recombination in weakly doped samples or samples
where dislocations are created by deformation is significant-
ly smaller; furthermore, it is determined not by segregation
of impurities, but by the dislocation structure. Generally
speaking, variations in lifetime r and impurity segregation
taking place near a dislocation are smooth; however, the de-
termination of these quantities requires specific models and
computer calculations.97

In GaP doped by Te or S, for carrier concentration of
approximately (2-7) • 1017 cm~3 it is possible to observe the
creation of defects that are unrelated to dislocations (appar-
ently inclusions of the second phase) that act as efficient
centers of nonradiative recombination. They appear at a suf-
ficiently high concentration of Te or S and are accompanied
by the formation on the crystal surface of small pits, whose
density grows with increasing Te or S concentration. Areas
with accumulations of these small pits had sharply reduced
radiative recombination. Undoped GaP crystals did not
have these pits, which shows that these defects are related to
the presence of the doping impurity and its behavior during
the growth process.98 The study of recombination efficiency
at structural defects, in particular of dislocations, is impor-
tant from the point of view of studying degradation pro-
cesses in optoelectronic devices99"'01 and determining opti-
mal methods of thermal processing in order to increase the
efficiency of light emitting structures made from
GaP:N.102-104

The distribution of the total CL intensity across a p-n
structure depends strongly on the manufacturing process
and on the excitation level. For low levels of excitation, radi-
ation from the p-region exceeds radiation from the n-re-
gion105'106; for a long time this was explained by invoking the
higher efficiency of the p-region and the need to supply pref-
erential injection of carriers into the p-region. For high lev-
els of excitation the situation changes to its opposite106 (Fig.
12). In general, for the green GaP p-n structures, in the p-n
junction area there is always visible a dip in the total CL
intensity caused by "spreading" of carriers by the p-n junc-
tion field; this spreading can be reduced by applying a posi-
tive bias.107 In this case one more minimum of total CL in-
tensity in the n-region near p-n junction is observed that
cannot be suppressed by forward bias of the p-n junction.

10 microns

*1000-
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This minimum was due to the efficiency of nonradiative re-
combination in the vicinity of the p-n junction as a result of
which the efficiency of the studied LED's in the luminescent
mode was low.

More detailed analyses of the temperature dependences
of local CL spectra from GaP p- and n-regions of p-n struc-
tures, the intensity dependences of individual spectral lines
on the level of excitation, and local CL analysis of areas with
different concentration of nonradiative recombination
centers on surfaces of the layers'08 have revealed details
which were previously ignored. It turns out that under illu-
mination with the narrow nitrogen lines the spectrum al-
ways contains broad bands, whose intensity grows with in-
creasing nitrogen concentration. The intensities of these
lines are comparable to the intensities of the nitrogen lines,
and they appear mostly in spectra from the p-region; for low
levels of excitation their intensity may significantly exceed
the intensity of the nitrogen lines (Fig. 13). It is an interest-
ing fact that these lines are present only in spectra from the
nitrogen-doped areas, and are absent in the spectra of areas
without nitrogen; and that their structure reproduces the
nitrogen line structure. All this indicates a relationship
between the recombination responsible for these lines and
injected nitrogen. More detailed analysis of the dependence
of this recombination on thermal processing for different
initial nitrogen concentration has made it possible to pro-
pose a model for the recombination center—a nitrogen atom
on a gallium site bound to an optically active nitrogen on a
phosphorus site.108 Without this bond a nitrogen atom re-
placing gallium behaves as an efficient nonradiative center.
Such behavior is also suggested by the kinetics of the total
CL in n-GaP:N with variation of the excitation level and
temperature (Fig. 14).109

At 300 K and at high levels of excitation it is not unu-
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FIG. 12. Distribution of integrated CL intensity across a GaP p-n struc-
ture for low (1) and high (2) levels of excitation.l06

FIG. 13. CL spectra from p-GaP structures at 114 K for high (a) and low
(b) levels of excitation. The background signal from the broad bands is
shown by a dashed line. '°*
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FIG. 14. Decay of integrated CL intensity I(t) (on a logarithmic scale,
relative units) for the liquid phase of n-GaP samples of various growth
runs for different temperatures and probe currents.""

sual to have sharp breaks in the curves describing the decay
of the relative intensity of CL I(t) on a logarithmic scale
when T changes from larger to smaller values. Increasing the
level of excitation leads to the large-r portion of the curve
becoming the dominant portion, while the small-r portion
disappears (see Fig. 14a). On the other hand, for low levels
of excitation an exponential decay is observed, with T corre-
sponding to rmjn on the broken curves. This feature of the
kinetics can be explained by nonradiative recombination on
multiply-charged centers, whose charge state during the re-
laxation process is changed because of the variation in free
carrier concentration. At 110 K a number of samples reveal
for low levels of excitation the influence of "capture" centers
which give rise to the appearance of long "tails" in the decay
curves and bends at the transitions from smaller to larger T
(see Fig. 14 b).

It must be noted that in one of the first publications on
the SEM study of CL local kinetics110 these bends in the CL
relaxation were observed, but no explanation was given.

GaAs!_XPX. The first works on SEM study of
GaAs, _ x Px alloys were related to a study of the behavior of
the CL intensity and absorption edge as a function of compo-
sition, which was monitored by using x-ray microanalysis
data.''' The dependence of CL spectra on the excitation lev-
el for compounds close to GaP (x = 0.96) is analogous to
the dependence observed in GaP106'"2: wide bands form
"pedestals" under the nitrogen lines and dominate the spec-
trum at low levels of excitation, and radiation from the
p-region is significantly larger than radiation from the n-
region. For smaller x (x = 0.86) when the nitrogen lines are
not resolved at 114 K, the long-wave length part of the spec-
trum increases with a decrease in excitation level."2 The
temperature dependence of the integrated CL for indirect

GaAs,_.cP^ compounds lightly doped with nitrogen was
studied in Ref. 113, where it was confirmed that for the tem-
perature range 350> 7> 150 K, the temperature dependence
is determined by thermal ejection of electrons and holes and
by the decay of excitons bound on isolated nitrogen atoms.

A depth profile study of the inhomogeneous distribu-
tion of radiative characteristics in GaA.sl_xPx epitaxial
layers has demonstrated the strong influence of variation in
the temperature and growth conditions on the efficiency of
local CL across the thickness of a layer."4 The way the
structures were cooled after growth also had a strong influ-
ence, since residual elastic stress causes structural defects to
form that are centers of nonradiative recombination. The
significant role played by dislocations in the (100) plane
perpendicular to the growth axis of a layer was an additional
discovery; these dislocations cause significantly more reduc-
tion of the CL than tilted dislocations in p- and n-layers of

Ga, _ x In, _ x P. CL SEM studies in Gax In, _ y P crys-
tals were carried out in Refs. 116, 117 with the purpose of
finding growth defects and areas with varying intensity of
radiation. The small shift in the luminescence peak was ex-
plained by residual stress.

Ga, _ x Alx P. Ga, _ x Alx P solid solutions have a slight-
ly larger forbidden gap than GaP. The CL intensity of a
n-Ga, _x AlxP:Te layer decreases with increasing alumi-
num content, because of the increasing density of disloca-
tions which provide a channel for nonradiative recombina-
tion. At 300 K the spectrum is dominated by absorption edge
radiation in the green area of the spectrum, corresponding to
recombination of free excitons accompanied by the emission
and absorption of longitudinal phonons. At 1 10 K for jc>0. 1,
the spectrum is dominated by a 1.94 eV band in the red re-
gion of the spectrum, whose maximum is almost indepen-
dent of composition, temperature and level of excitation.
The intensity of this band increases in the direction of the
heterojuncture ( see Fig. 3 ) , and also grows with increasing
aluminum content ( Fig. 1 5 ) . The nature of this band is prob-
ably related to a defect; specifically, a dislocation "mis-
match", caused by the lattice mismatch between the GaP
substrate and the solid solution.25 The same band is observed
in local spectra from the p-region at 1 10 K and in a number
of samples its intensity is larger than the intensity from the n-
region. The variations in local CL spectra from the GaAlP p-
region with temperature and aluminum content are given in
Ref. 118. The fact that the red band is related to the presence
of dislocation "mismatch" was confirmed by results of the
CL analysis of p-GaAlP layers of different thicknesses, in
which the transition from elastic to plastic deformation of
the p-layer (i.e., formation of a dislocation network) for
samples with given composition was accompanied by a
sharp increase in the relative intensity of this band.

Because it is technologically difficult to introduce iso-
electronic nitrogen doping into Ga, _ x Alx P during the pro-
cess of liquid epitaxy, an attempt was made in Ref. 1 19 to
introduce nitrogen by ion implantation. After processing at
950°C, bands related to the presence of optically active nitro-
gen appear in the spectrum. But the long-wavelength bands
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FIG. IS.CLn-Ga.^Al^Pspectraat 114 K for different compositions.25
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that, as was mentioned earlier, are determined by the pres-
ence of structural defects dominate the spectrum.

GaN. Direct-band gap GaN has a wide energy gap (3.5
eV), and its emission can in principle cover the entire visible
region. CL radiation from GaN m-i-n structures was ob-
served in Ref. 120 in the blue region of the spectrum. The
GaN layer consisted of many identically oriented crystal-
lites. Accumulation of zinc was observed at the crystallite
boundaries and at the interface surface between the metal
and the high resistivity layer. As a result of local heating
caused by the electron beam, zinc diffusion takes place, with
zinc atoms displacing gallium atoms to become centers of
efficient nonradiative recombination. This can explain the
anomalously long time scale for CL kinetics, in which a max-
imum in the CL is clearly visible in the time variation121

(Fig. 16). Depending on the growth conditions and zinc
concentration, the crystal structure and emission spectrum
of GaN can be varied substantially. Zinc forms centers of
blue, green and yellow luminescence bands, coupled with
various structural defects, and the position of the emission
peak depends on the intensity ratio of these bands.122 A sig-
nificant increase in emission intensity was observed for elec-
tron-beam-irradiated GaN:Zn. The relaxation processes

FIG. 16. CL kinetics of CdS (1), ZnO (2) and GaN: Zn (3) in the first 5
minutes after switching on a stationary electron probe with a current
density of 100 A/cm2 (U = 20 kV) . ' 2 '

after irradiation depend strongly on temperature and have
two clearly denned components—one short-lived and one
long-lived.123 The existence of the latter component has
made it possible to use the luminescence for recording infor-
mation.124 When grown on sapphire GaN had a "skeleton"
growth mechanism, in which pyramids are visible on the
surface of the epitaxial layer.125'126 The CL radiation con-
sisted of a single band and was distributed in a very nonuni-
form way across the surface due to quenching of the CL
caused by uncontrolled impurities.

5.2. II-VI Compounds, ternary compounds based on them and
dielectrics

Powder-like phosphors and ionic crystals having effi-
cient luminescence in the visible spectrum were some of the
first objects of research using the SEM CL mode. The tem-
perature dependence of the CL intensity was obtained for the
ionic crystals NaCl and KC1, and the effect of ion etching on
local CL properties of these crystals was discovered.127"129

The main trend in phosphor studies was towards finding the
dependence of spectra and luminescence efficiency as a func-
tion of the phosphors' lattice crystal structure, and of accel-
erating voltage and beam current. Examples of such studies
are works on ZnS-CdS phosphors.130'131

Investigations of CL spectra from various structural
phases were carried out for samples of ZnS, ZnTe, ZnSe and
ZnO.30>132~141 Due to spectral differences between the var-
ious phases, it was possible using the monochromatic CL
mode to make the different phases visible, as is easily seen for
ZnSe in Fig. 5.30

A great deal of research was carried out in CdS concern-
ing the effects of electronic and ionic irradiation of single
crystals on the CL spectra.142"145 Because of the radiation-
induced effects redistribution of spectral line intensities was
observed in CL spectra which made it possible to study mi-
gration and interaction of defects. In Ref. 146 a study was
made of the effects of plastic deformation on the CL spectra
in CdS, and in Refs. 147,148 an attempt was made to estab-
lish the relationship between the defects formed during the
surface processing of single crystal CdS, and uniformity of
emission, estimated from the intensity of the blue band (free-
exciton annihilation).

Cathodoluminescence SEM studies have elucidated a
number of details in more complex structures. Investigation
of the spectra of p- and n-type ZnSex Tet _ x diode structures
has shown that the main contribution to electrolumines-
cence in these structures comes from recombination in the
p-regions close to the p-n junction.134 For ZnSe-CdTe struc-
tures with a heterojunction a source of electroluminescence
instability was identified, which was related to defects in the
ZnSe layer.149 In Cu2S-CdS photoelements, a copper doped
CdS layer was found in the vicinity of the interface.150

5.3. Narrow-gap semiconductors

Some of the first works on the SEM study of infrared
CL involved GaAs^Sb,_x compounds.151'152 In these
works PbS photoresistors were used to record the radiation.
The use of synchronous detection makes it possible to record
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FIG. 17. Microphotograph of the surface near a GaSb tunnel diode at 300
K viewed by secondary emission (a) and integrated CL (b) modes.151

radiation up to 2.5-3 //m. Using such a detector, tunnel and
luminescent diodes based on gallium antimonide were ana-
lyzed at 100 and 300 K. Figure 17 shows microphotographs
of a cleaved sample of such a diode at 300 K taken with
secondary electron emission (a) and CL(b). The radiation
comes mainly from the n-region. The p-region contains a
large number of inhomogeneities, caused by the zinc doping,
as a result of which the probability of nonradiative recom-
bination increases and that of CL decreases.

In other works a germanium photodiode was used as a
detector (having a wavelength recording range of 1-1.8
fj,m.153 The images of the epitaxial heterojunction structures
obtained in the CL mode reveal the existence of periodic CL
intensity variations in the form of a dark line pattern in the
layers in the vicinity of the heterojunction. The distance
between the lines with reduced CL intensity in layers with
variable composition depended on the gradient across the
epitaxial layer and varied from |/um to 50//m for a change of
composition gradient from 0.5 to 0.05 mol% of gallium anti-
monide per micron.

LED and laser epitaxial InGaAsP double-heterostruc-
tures were studied in Refs. 53,154,155 using the integrated
CL mode (/I = 1.0-1.6//m). Characteristic defects respon-
sible for nonradiative recombination were seen on CL im-
ages of the active layer of the structure. Together with dislo-
cations penetrating from the substrate into the growing
active and emitter layers, and "inclusions" of various phases
of 2-6 /zm size, the samples had layered inhomogeneities,
which give rise to corresponding light and dark stripes on the
CL images (Fig. 18).155 These complex inhomogeneities
were characterized by increased intensity of radiation from
the active layer of the heterostructure; the cause of this is
apparently the escape of the radiation to the surface, which
occurs due to poor epitaxial growth of the top layer. Togeth-

Q)

-C

SBO

520

420

18 JB ff
layer thickness, microns

FIG. 19. Coordinate dependence of energy peaks of local CL spectra (the
width of the energy gap) across the cleaved surface of an epitaxial
InAsSbP-InAs heterostructure with 18 fim ( 1 ) and 55 //m (2) thick
variable-gap layers.

er with the "inclusions" of phases of unknown composition
and having luminescence of low intensity, individual crystal-
lized aggregates of InP were found in the active layer of the
alloy that might originate from partial dissolving of the sub-
strate in the liquid epitaxial layer. LED's made from struc-
tures with a high density of nonradiative defects that propa-
gated through both layers during the growth process in most
cases did not have rectifying properties. This was due to
"shorting out" of the heterojunction by these inhomogene-
ities, which behaved like current conducting microchannels.

Epitaxial heterostructures InGaAs, InAsP and
InAsSbP with variable energy gaps prepared by the method
of liquid epitaxy were studied in Refs. 53,154. CL spectra
obtained using a parallel shift of the electron probe across
the cleaved surface of a sample, made possible the measure-
ment of local values of the energy gap Eg in heterostructures
and the determination of layer thicknesses and heterojunc-
tion boundaries. The position of the peak in CL spectra, ob-
tained from different areas of an epitaxial InGaAs layer, re-
mained unchanged up to thicknesses of about 100 /um, which
demonstrated the constancy of composition in the direction
of the growth of a layer. For epitaxial layers of InAsP and
InSbP solid solutions a linear change in peak energies of
local CL spectra was the rule, with the energy gap decreasing
toward the surface of the sample (Fig. 19). The measured
value of the gradient of Eg was 1.5 meV/micron.

The first study of local CL in PbS was done in Ref. 156.
Further studies of PbS activated by film oxidation in the
modes of induced /^-conductivity in SEM CL have made it
possible to observe in them substantial inhomogeneities in
their photoelectrical and luminescent properties.152'157 The
active areas of photosensitivity and luminescence had a size
of about 3-10 /um2, which exceeded significantly the size of
crystallite grains (Fig. 20). The characteristic grain texture

FIG. 18. Monochromatic CL image corresponding to emission from the
active layer (/I = 1.5,um) of the surface of a InGaAsP-InP double hetero-
structure viewed from the side of an emitter layer.'"

FIG. 20. Image of the same area of a polycrystalline PbS film in the in-
duced /^-conductivity (a) and integrated CL (b) modes.157
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of the surface determined the orientation of larger photosen-
sitive areas. Using studies of the oxygen distribution on film
surfaces by Auger spectroscopy, the inhomogeneity of oxy-
gen absorption from some areas of films during thermal pro-
cessing was established. Areas with increased oxygen con-
tent coincided with areas having high photosensitivity and
luminescence.
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