Cathodoluminescence system for a scanning electron microscope
using an optical fiber for light collection
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We describe a novel light collection system for cathodoluminescence scanning electron
microscopy. Cathodoluminescence emitted from the sample surface enters directly into the facet
of an optical fiber, which is held less than 2 mittimeter away from the sample to optimize the
collection efficiency. The fiber is small enough that it has a minimal effect on access to the sample
by other detection apparatus. Three axis positioning of the fiber is accomplished with motorized
translation stages located in the sample chamber. Techniques for generating
cathodoluminescence images and local spectra are discussed. The techniques are applied to oval

defects in molecular beam epitaxially grown GaAs/AlGaAs epilayers, and the results are

presented.

INTRODUCTION

Cathodoluminescence {CL} is the emission of light from a
material as a result of excitation by an electron beam. In
conjunction with the imaging capabilities of a scanning elec-
tron microscope (SEM), it is a powerful tool for the study
and characterization of small features in direct gap semicon-
ductors.’

A scanning electron microscope generates a beam of
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electrons which is focused to a small spot on the sample
surface (Fig. 1). The beam is swept across an area of the
sample in a raster pattern. In the conventional mode of oper-
ation, the image is formed by detecting the emission of sec-
ondary electrons from the sample surface, and electronically
correlating the secondary electron signal with the position of
the beam. Other signals, carrying different information
about the sample, can also be used for image formation. For
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FiG. 1. Schematic diagram of electron beam excitation of 2 sample. The scanning electron microscope column is illustrated on the left, with the electron beam
originating at the filament and passing through the two condenser lenses, the scanning coils, and the objective lens, finally impinging on the sample as a fine
probe. On the right, the interaction of the electron beam with the sample is illustrated, showing the interaction volume of the beam with the sample, and some

of the products of the interaction.
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example, backscattered electrons can be collected with a spe-
cial detector to produce an image which is sensitive to varia-
tions in the material composition of the surface.

The electron beam induces a variety of excitations that
result in emitted radiation. In particular, electron-hole pairs
are produced in the interaction volume of the electron beam
with the sample. The carriers generated by this process exist
for a characteristic peried of time, during which they un-
dergo intraband relaxation and diffusion/drift before re-
combining. Recombination can be accompanied by the emis-
sion of a photon, which is particularly likely if the sampleisa
direct gap semiceonductor. In this case, the photon will have
an energy near the local band gap energy of the semiconduc-
tor. The light generated by this process {cathodolumines-
cence) can be used to study the local properties of the mate-
rial, and the results can be correlated with information from
other SEM imaging techniques.

In this paper we report the development of a novel CL
detection system which uses an optical fiber for direct collec-
tion of light from the surface of the sample. We discuss tech-
nigues for generating spectrally resolved cathodolumines-
cence {SRCL) images and local CL spectra, and present
results of a study of oval defects in GaAs/AlGaAs epilayers
grown by molecular beam epitaxy (MBE).”
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Fic. 2. Schematic diagram of the experimental apparatus. The box at the
top of the figure shows the optical fiber cathodoluminescence collection sys-
tem as it appears inside the scanning electron microscope chamber (com-
pare with Fig. 1). The lower half of the diagram is a schematic represenia-
tion of the apparatus for producing cathodoluminescence images and
spectra. See text.
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i. COLLECTION OF THE CATHODOLUMINESCENCE
SIGNAL

For many applications of importance, the available
cathodoluminescence signal is quite weak. For this reason, a
CL light collection system: must be as efficient as possible.
The two important elements that determine the collection
efficiency are the solid angle subtended by the collection ap-
paratus and the efficiency with which light is guided to the
detector.

In work reported to date, light collection systems for
cathodoluominescence with the scanning electron micro-
scope’™ and the scanning transmission electron micro-
scope’™ have used collection optics with concave mirrors,
planar mirrors, fenses, or some combination of these three
elements. Concave mirrors, while achieving the goal of sub-
tending as large a solid angle as possible, restrict access to the
sample. This restricts the capabilities of the microscope
when the mirror is in place by interfering with apparatus
designed to detect other signals from the sample.

Systems which inchude wavelength dispersive elements
for spectral resolution of the CL signal (e.g., 2 monochroma-
tor) require that the detector be located outside of the san:-
ple chamber. In order to guide the light out of the chamber,
the collection optics either direct the light toward a window
in the chamber or into a light pipe leading to the detection
apparatus. The system which we have designed minimizes
any restriction of access to the sample. Although the solid
angle subtended by our collection system is less than can be
achieved with a concave mirror, our efficiency in guiding the
collected light to the defector is excellent. Comparison of our
data with the literature indicates that our overall collection
efficiency is comparable to the efficiency of systems utilizing
a concave mirror.

. EXPERIMENTAL APPARATUS AND TECHMIQUES

We have designed and built a cathodcluminescence sys-
tem at Caltech for incorporation into the sampie chamber of
a Cambridge 8240 SEM (Fig. 2). Our system utilizes an
optical fiber for direct collection of light from the surface of
the sample. The fiber, a Newport FC-2UV multimode fiber
optic cable mounted on a standard 2 3/4 in. flange, is small
enough so that access to the sample by ather detection sys-
tems is not restricted. Light from the sample enters the facet
of the fiber, which points downward toward the region of
interest. The core diameter of the fiber is 200 pm, and its
numerical aperture is 0.2. From this we calculate that the
optimum fiber to sample distance is 0.5 mm. In order to
prevent charging of the fiber, a very thin layer of gold is
evaporated onto the facet.

The fiber is held in place by inserting it into a metal
sheath made from 0.010 in. wall stainless steel tubing, 1/16
in. in diameter. The sheath is mounted onto a low profile
support, which is designed to aliow the sample to be as close
to the objective lens of the SEM as possible. The mintimum
sample—objective working distance which we have attained
is ¢ mm. The support can be manually adjusted in all three
directions to center the fiber over the sample before the
chamber is closed. The entire support assembly is mounted
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on a three axis motorized transiation stage, so that the posi-
tion of the optical fiber relative to the sample can be adjusted
during operation of the CL system. Three vacuum compati-
ble Oriel miniature motorized translators, model No. 16728,
are used for this purpose. Each is equipped with an optical
encoder, allowing repeatable positioning of the fiber with
submicron accuracy over a range of 0.5 in. The Oricl encoder
mike controller, model No. 18011, is placed on the SEM
console for convenient control of the transiators during op-
eration of the CL system.

The fiber guides the collected light horizontally out
from under the objective lens of the SEM, and out of the
chamber. The light is focused onto the entrance slit of a
SPEX 0.34 m monochromator, with a 1200 groove/mm
grating blazed at 750 nm. The position of the grating is con-
trolled by a SPEX 1673C Minidrive 2. The CL intensity at
the selected wavelength is detected with a photomultiplier
tube (PMT). A Hamamatsu R666 PMT, cooled to 40°C
below ambient in a Pacific Instruments mode! 3461 housing,
is used for light detection.

The signal from the PMT can be used to generate a spec-
traily resolved cathodoluminescence (SRCL) image (Fig.
2}. This is accomplished by amplifying the PMT signal and
connecting it to the auxiliary input of the SEM. The SEM
video electronics generate the SRCL image and display it on
the video monitor. All of the image processing electronics of
the SEM are available for manipulation of the SRCL image.
The SRCL image can be compared directly with any of the
other types of images which the SEM can produce. Especial-
ly useful is the signal mixing function {Cambridge S240
SEM), which allows the secondary electron image to be
superimposed on the SRCI. image. The noise can be reduced
by slowing the scan rate of the clectron beam and using a
digital image store device to average the signal. SRCL mi-
crographs can be taken with the video camera of the SEM.

By using the monochromator to scan an intercsting re-
gion of the spectrum, we can measure local CL spectra (Fig.
2). Ar interesting point on the sample can be selected by
moving a cursor to the appropriate place on the video display
of either the secondary electron image or the SRCL image,
and changing the raster of the electron beam from scan mode

(@) 10 pm ———meee (b) A=8100A (¢}

to spot mode. In this mode, the electron beam is being used
as a movable probe for localized excitation of the sample. A
mechanical light chopper is placed between the end of the
fiber and the monochromator to modulate the signal. The
modulated signal is connected to a current preamplifier, fol-
lowed by a lock-in amplifier. The lock-in amplifier filters out
much of the PMT noise by amplifying only that part of the
signal which is modulated at the frequency of the light chop-
per. The output of the lock-in amplifier is sent to an HP
7090A measurement plotting system. The plotter is con-
trolled by an IBM PC AT through a GPIB interface bus. The
monochromator controller is set to scan an interesting wave-
length range, and the scan is initiated by the computer. Data
from the lock-in are collected by the plotter and read into the
memory of the computer. The data collected by the comput-
er correspond to a local CL spectrum. The wavelength is
calculated from the scan parameters, and the CL intensity is
measured in millivolts from the lock-in amplifier. The com-
puter is capable of plotting single or multiple spectra from its
memory, using the HP 7090A plotter as an output device.

Hi. RESULTS

The performance of this system was demonstrated by a
study of the cathodoluminescence of oval defects in MBE
grown GaAs/AlGaAs epilayers.” The most common mac-
roscopic defects in the growth of III-V semiconductors by
MBE are oval defects. On a (100} wafer, they are oriented
with their long axis parallel to the [011} direction. The
shape of an oval defect is probably due to a tendency of facets
to propagate away from raised disturbances in the [011]
direction and to propagate nearly vertically in the [Q11] di-
rection. '’

Oval defects in MBE grown GaAs/AlGaAs epilayers
were studied in two samples. The first sample, MBE growth
No. 775, consisted of a 0.1 gm GaAs buffer layer, and a 2.3
pm n-doped Al Ga, _ _ As layer grown on a semi-insulating
GaAs substrate. SRCL images of some typical defects in this
growth reveal strong luminescence from the oval defects at
8500 A relative to the surrounding area |Fig. 3¢{c}1], while
the CL intensity from the oval defects is diminished at 8100
A [Fig. 3(b)]. Locai CL spectra of the defect core and of

A=B850CA

FiG. 3. Oval defects in MBE growth No. 775. (2) Secondary electron image of three typical defects; (b) spectrally resolved cathodoluminescence image
(SRCY.) of the same area st 8100 A, showing that the cores of two of the defects do not luminesce as strongly as the rest of the sample at this wavelength; (¢)
SRCL image at 8500 A, showing that the two defects referred to in Fig. 3(b) contain an enhanced concentration of gallium.
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Fi16. 4. Local cathodoleminescence (CL) spectra of an oval defect in MBE
growth No. 775 [the upper left defect in Fig. 3(a) ]. (a) Solid line: CL spec-
trum at the core of the defect; (b) broken line: CL spectrum from an area
away from the defect. The spectra show this defect contains an enhanced
conceniration of gallium relative to the defect free areas of the sample.

(8 10um

(©) A=7800A

defect-frec areas of the sample show a peak at 8600 A, which
is present only in the vicinity of the defects (Fig. 4). The
peak at 8100 A corresponds to a bulk aluminum fraction of
0.086, whereas the peak at 8600 A corresponds to an alumi-
num fraction of 0.014.

The second sample was a doped guantum well structure,
MBE growth No. 562. The basic features of the structure are
a 130 A guantum well, bounded by a 500 A p-doped
Al,Ga, ,As surface layer and a 0.64 um n-doped
Al Ga, _ As layer. Beneath this structure is a five period
superlattice 0.12 pm wide and a 0.75 yum n-doped GaAs
layer. SRCL images and local spectra of the oval defects in
MBE growth No. 562 reveal a dramatic spatial and spectral
dependence of the CL emission (Figs. 5 and 6). The bulk
aluminum fraction in this sample is 0.30, corresponding to
the peak at 6900 A [Fig. 6(d)]. The aluminum fraction in
the halo is 0.29, corresponding to the peak at 6945 A [Figs.
5¢(b) and 6(c}}. The aluminum fraction near the center of
the defect is 0.17, corresponding to the peak at 7600 A [ Figs.
5{c) and 6(b)].

(b) A=7000A

(@) r=8500A

FI1G. 5. Oval defects in MEE growth No. 562. (a) Secondary electron image of a typical area of the sample; (b) spectrally resolved cathodoluminescence
(SRCL) image of the same area at 7000 A, showing a bright halo surrounding each of the defects. The emission from the halo corresponds to a sloped area
surrounding cach of the defects. The sloped arca appears in optical micrographs, but they do not exhibit enough contrast to appear in secondary electron
images taken by the electron microscope. (¢) SRCL image at 8500 A. This wavelength corresponds to emission from the quantum well.
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F1G. 6. Local cathodoluminescence {CL) spectra of an oval defect ic MBE
growth No. 562, (a) Solid line: CL spectrum of the defect core; (b) short
dashes: CL speetrum of an area centered 0.5 gom from the defect core. The
peak at 7600 A corresponds to an aluminum fraction of 0.17; {c) long
dashes: CL spectrum of an area in the halo region, 2.3 gzm from the defect
core. The peak at 6345 A corresponds to an aluminur fraction of 0.29; (d)
dotted kine: CL spectrum away from the defects. The peak at 6900 A corre-
sponds to an aluminum fraction of 0.30.

QOur observation of an enhanced concentration of gal-
Hum in the oval defect core is comsistent with proposed
mechanisms for the origin of defects involving localized ac-
cumulation of excess gailium during the growth. Such mech-
anisms include spitting of gallium from the effusion cell,'!
nucleation of gallium droplets by a chemical reaction of
Ga,O formed in the Ga effusion cell,’* * and gallium agglo-
meration around a particle on the wafer surface.'>""’
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