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Ensembles of defect-free InAlAs islands of ultrasmall dimensions embedded in AlGaAs have 
been grown by molecular beam epitaxy. Cathodoluminescence was used to directly image 
the spatial distribution of the quantum dots by mapping their luminescence and to spectrally 
resolve very sharp peaks from small groups of dots, thus providing experimental verification 
for the discrete density of states in a zero-dimensional quantum structure. Visible lumi- 
nescence is produced by different nominal compositions of In,Al, -,)As-AI,Ga(, -,As. 

B y  virtue of its size and potential energy 
distribution, a semiconductor quantum dot 
(OD) structure confines carriers in three , -  , 

dimensions, allowing zero dimensions in 
their degrees of freedom and creating atom- " " 

like levels with discrete densities of states. 
Dimensions on the order of the localization 
of the electron (hole) wave function can be 
accomplished with a very small volume (1) 
of a material with a low band gap embedded 
in a material or materials with a larger band 
gap, allowing for a three-dimensional (3D) 
confinement potential for the electrons and 
the holes in the semiconductor with the 
lower band gap. 

C o m ~ a r e d  to the growth of its 2D 
u 

counterpart, the quantum well, Q D  fabri- 
cation represents an additional level of 
difficulty. Confinement for OD and 1D 
structures in the Dast have made use of 
electron beam lithography techniques, 
which present problems. Quantum size di- 
mensions are usually beyond the limit of 
standard lithography (features >0.1 mm),  
but even if this can be overcome by design 
ingenuity (2) ,  interfacial impurities and 
surface damage, which can occur during 
processing, limit the performance of these 
auantum structures. 

One  of the recent promising advances 
in the fabrication of these devices that 
avoids most of these technological prob- 
lems ex~ lo i t s  one of the natural conse- 
quences in the growth modes for dissimilar 
materials. Various growth modes are DOS- " 

sible in heteroepitaxy. The  prevalence of 
one type of growth over the others de- 
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pends on  the differences between crystal 
structures, the amount of strain or lattice 
mismatch, and the interfacial energies. The 
morphology of the growth can be layer-by- 
layer (3), island growth (4) ,  or initial layer 
growth followed by island formation (5). 
The layer-by-layer growth mode is observed 
for lattice-matched materials of identical 
crystal structure, such as Au on Ag, or 
AlGaAs on GaAs. Direct island growth is 
seen in materials with a high interfacial 
energy. The third type of growth has been 
observed for crystals of dissimilar lattice 
spacing but low interfacial energy, like Ge  
on Si (6) or InAs on GaAs (7-14). In this 
process, the growth starts two dimensional- 
ly, as in the layer-by-layer mode, but after a 
certain thickness is reached, islands form 
spontaneously, and a thin 2~ wetting layer 
is left under the islands. If the erowth is 

u 

allowed to continue beyond the initial is- 
land formation stage, misfit dislocations 
start forming at the island edges (15, 16), 
and ~ h e s e  grow and coalesce. This is gener- 
ally considered to be a most unfavorable 
growth situation. 

It has recently been shown that QDs 
(1 7, 18) can be obtained with dislocation- 
free self-assembled coherent islands spon- 
taneously formed from strained InAs 
grown directly on GaAs. In this process, 
the growth is interrupted immediately af- 
ter the formation of the islands but before 
the islands reach a size for which strain 
relaxation and misfit dislocations occur. A 
uniform size distribution can be obtained 
at the early stages of the growth, produc- 
ing quantum-size islands. The  spontaneous 
island formation during growth precludes 
the interface quality problems often asso- 
ciated with ex situ processed quantum 
structures of low dimensionality. This 
breakthrough in the fabrication of defect- 
free OD structures provides the opportuni- 
ty for experimental verification of the ef- 
fects of 3D auantum confinement in semi- 
conductor structures. Evidence for a dis- 
crete densitv of states can be seen from 
resonantly excited luminescence (19), 
magnetocapacitance measurements (20, 
21), and emission of extra-sharp photolu- 

minescence (PL) lines from a smaller 
number of dots in millimeter-size etched 
mesa structures (22, 23), as well as the 
cathodoluminescence (CL) work present- 
ed here. 

In this work, CL is used to obtain spec- 
tral decomposition of the broader PL Q D  
ensemble into lines narrower than 1 meV. 
This spectroscopic resolution is a direct 
consequence of the reduced dimensionality 
of these structures and permits, in some 
cases, direct imaging of single QDs. 

Making QDs in the visible range by 
molecular beam epitaxy (MBE) has poten- 
tially interesting technological applica- 
tions. The  reduced density of states asso- 
ciated w'ith OD confinement could be ex- 
ploited in the population inversion re- 
quired for lasing, as long as the interlevel 
spacings are sufficiently large (24). A Q D  
semiconductor laser could lead to spectral 
gain curves with a higher maximum (2) .  
The  production of QDs that emit visible 
light demonstrates that this technological 
advance can be expanded to optical devic- 
es in a wide range of wavelength and that 
the spontaneous coherent island forma- 
tion has general applicability. 

Samples in this study. were prepared by 
MBE growth. Substrates were (001) semiin- 
sulating GaAs. Temperatures were deter- 
mined with a calibrated pyrometer. A n  As, 
partial pressure of 9 X lop6 torr was main- 
tained throughout the growth. After oxide 
desorption, a GaAs undoped buffer layer of 
0.5 to 1 p m  was grown at 600°C. The clad- 
ding layer was then grown, at 650°C, with 
either ALAS or AlGaAs. The strained islands 
were InAs or AlInAs. After cooling the sam- 
ples to 530°C, In or In and Al molecular 
beams were pulsed in short cycles at low 
growth rates, resulting in the deposition of 
small amounts of InAs (<<0.1 monolayers 
per cycle). This was done until the transition 
from 2D growth to 3D growth was observed 
in the reflected high-energy electron dif- 
fraction (RHEED) pattern (17). The  A l  or 
the A l  and Ga  shutters were then simul- 
taneously opened, and growth was contin- 
ued in order to cover the strained islands 
with AlAs or AlGaAs, while the tempera- 
ture was ramped back to 650°C. A IO-nm 
GaAs cap was grown as the last layer to 
protect the AlGaAs or AlAs from oxidation. 

Island sizes, concentrations, and distri- 
bution, as well as the wetting layer and 
island thicknesses, were determined with 
plan view and cross-sectional transmission 
electron microscopy (TEM). A JEOL 200 
FX operated at 200 KeV was used. Conven- 
tional polishing and ion milling was used to 
thin cross-section samples, and dimpling 
and chemical etching to perforation were 
used for the plan view samples. 

The  CL spectra and images were ob- 
tained with a JEOL 120 scanning TEM 
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Fig. 1. Low-temperature (10 K) CL spectra for 
QD ensembles of different sizes in the InAIAs- 
AlGaAs sample. These were obtained at low 
magnification with (spectrum a) a defocused 
electron beam on a thick sample and (spectra b 
and c) a focused electron beam on a thin sam- 
ple. Spectra b and c were obtained from differ- 
ent areas of the sample. A 1 20-keV, 82-rnA elec- 
tron beam was used. 

instrument operated at 120 KeV and 
adapted with an ellipsoidal mirror. The 
CL signal was resolved by a 0.85-m double 
spectrometer and detected with a photo- 
multiplier tube. Thinned samples were 
mounted on a low-temperature stage 
equipped with a thermocouple, and a con- 
stant-transfer liquid-He line was used to 
maintain the sample temperature around 
10 K. This system simultaneously allowed 
observation of the QDs in the scanning 
transmission mode and CL analysis of the 
same area. 

Low-temperature CL measurements are 
shown in Fig. 1 for one of the Iq,55Al,,45As- 
Ab,,G+,,As samples that showed a strong 
visible QD ensemble luminescence signal 
peaking at 660 nm (red). These nominal 
ternary compositions were chosen so as to 
obtain large direct band gaps for the Al- 
GaAs layers and to raise the band gap in the 
QD layers without undergoing the indirect 
transition for InAlAs. Avoiding the pres- 
ence of a very thick wetting layer under the 
islands was also a consideration. Visible lu- 
minescence has also been produced from 
different combinations in the In&l(,-,,As- 
AJGa(,-,+s system (25). 

Figure 1 shows the CL spectra of this sam- 
ple taken under diierent conditions. The lu- 
minescence of a thick sample measured using 
a defocused electron beam (Fig. 1, spectrum a) 
had the same broad Gaussian shape obtained 
in the PL measurements (25). In both CL and 
PL, the AlGaAs peak at 623 nm is seen. This 
broad peak [full width at half maximum 
(FWHM), 46 meV] corresponds to the exci- 
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Fig. 2. Low- and high-resolution CL spectra from 
the same area obtained with a very thin sample 
and a small condenser aperture. The spectrum is 
no longer Gaussian because of the small number 
of QDs probed. This spectrum corresponds to the 
excitation of only a few tens of dots. 

tation of a large number of dots, and it is 
attributed to slight variations in the OD con- 
fining potentials caused mostly by size dissim- 
ilarities. Spike-like features appear over the 
broader background in spectrum a of Fig. 1 
because of the excitation of a smaller number 
(26) of dots in CL than in PL, even with a 
defocused electron beam. 

The CL measurements were done with 
electron probes of successively smaller di- 
ameters (27). Also, a thin sample (-1500 
A. which is tranmarent to the electron 
beam) was used to minimize multiple dot 
excitation caused bv backscattered elec- 
trons and x-rays produced in the substrate 
by the electron beam. The resulting spec- 
tra (Fig. 1, spectra b and c) display very 
sharp peaks, a fraction of a millielectron 
volt in width, originating from either in- 
dividual dots or a few dots with equal or 
almost equal dimensions. These spikes are 
reproducible and are therefore not simply 
noise. These spectra (Fig. 1, spectra b and 
C) show different sets of peaks; while the 
sharpness of the features is maintained, 
the peaks have different intensities be- 
cause they were taken from different areas 
in the sample, thus probing different dot 
ensembles. 

The peak width determined from our res- 
olution in the CL experiment is 0.6 meV, 
slightly larger (28) than the results obtained 
with lower temperature (2 K) PL experi- 
ments of etched mesas in the same sample, 
which gave a peak width as small as 0.4 meV 
(22). Considering the large size of the en- 
sembles in the latter experiment and the 
possibility of broadening from several dots 
with very similar sizes, this remains an upper 
limit for the individual dot line width. The 
narrowness of these lines is a direct conse- 
quence of the OD quantum confined states, 

2-07 
_i 

Fig. 3. Dark-field cross-sectional TEM micro- 
graph of InAs-AIAs QDs imaged with (200) as the 
operating reflection. The wetting layer visible in 
this micrograph is always observed in these 
strained islands. Also apparent here is the spatial 
nonuniformity of the strain distribution, both in 
the islands and in the cladding material. 

where the density of states approaches that 
represented by a Dirac delta function. 

Transitions producing the CL de- 
scribed here arise most likely from the 
ground states of electrons and holes in the 
individual QDs. The possibility that some 
of these peaks might arise from excited 
quantum states is small. Calculations give 
an estimated value of the interlevel spac- 
ing of -30 meV. Measured (19) interlevel 
spacings in a system with similar confine- 
ment potential were found to be >25 to 
30 meV. Simultaneous radiative recombi- 
nation from excited states and the ground 
states would result in a non-Gaussian (29) 
shape of the PL peak for the dot ensemble. 
Our measurements show this peak to be 
Gaussian with a 46-meV FWHM. 

The excitation area is larger than the 
beam diameter (-100 A) because carriers 
thus generated diffuse to nearby dots. The 
excitation diameter estimated from the 
spectra obtained with the focused-beam 
condition is -0.5 pm. Planar dot density 
in this sample has been measured with 
plan view TEM (25), so it is estimated 
that individual peaks can be resolved from 
-50 dots (30). 

The PL and CL peaks are Gaussian 
for an infinite (or very large) dot ensem- 
ble. Measurements of large number of 
dot diameters from both atomic force mi- 
croscopy (3 1 ) and TEM measurements 
(25) show that the size distribution for 
these islands is also Gaussian. The lumi- 
nescence signal exhibits larger fluctua- 
tions from this Gaussian envelope when 
the number of dots probed gets smaller. 
The spectrum (Fig. 2) shows a non-Gaus- 
sian shape, resulting from the statistics of a 
small number of dots. The small signal 
collected from this type of measurement 
decreases the spectroscopic resolution of 
the experiment because larger slit widths 
are required. 

The luminescence producing the ultra- 
sharp peaks in spectra b and c of Fig. 1 is 
spatially localized, corresponding to the QDs 
that give the characteristic strain contrast 
seen in the TEM micrograph (Fig. 3). Imag- 
ing the CL intensity is achieved by chooiing 
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a few prominent peaks in the spectrum, set- 
ting the monochromator at these distinct 
energies, and scanning the variation in in- 
tensity across the same region of the sample. 

Figure 4 shows four CL images for the 
same portion of the sample where the 
intensities for different wavelengths of vis- 
ible photons were collected. The different 
luminescence patterns emerging indicate 
that the sharp lines originate from differ- 
ent regions in the sample. Imaging at se- 
lected wavelengths enables resolution of 
the luminescence from individual QDs. 
This is only possible because there is a 
distribution in sizes with a corresponding 
distribution in luminescence energies; if 
all of the dots in the sample were lumi- 
nescing at a given energy, it would not be 
possible to resolve them because the aver- 
age dot spacing is smaller than the CL 
resolution (-0.5 pm). The same tech- 
nique can be used with line scans, and this 
facilitates the estimation of the resolution 
of this system. Measurements from line 
scans also show that it is possible to re- 
solve the luminescence from QDs that are 
0.5 pm apart emitting at exactly the same 
wavelength. 

A straightforward statistical analysis 
with the use of Figs. 1 and 4 reveals that at 
least two of the four scans show the lumi- 
nescence from individual QDs. This was 
done by using the fact that the peak en- 
semble for the sample in question can be 
fitted with a normal or Gaussian distribu- 

tion. The spectral resolution for the image 
acquisition part of the experiment was SX 
= 10 A. It can then be determined, with 
knowledge of the areal density of the dots 
in the sample and the broadening of the 
Gaussian distribution [best determined 
with PL measurements (25) and the CL 
measurements for the large excitation 
volume conditions seen in spectrum a of 
Fig. 11, that the probability of finding 
more than one dot within a s ~ o t  0.5 um in 
diameter is negligible in the images ob- 
tained for X = 6717 and 6498 A. For the 
images obtained with X = 6587 and 6621 
A, each square measuring 0.5 pm on a 
side might contain two to three dots emit- 
ting at the energy interval chosen. This 
situation is reflected at the higher resolu- 
tion seen in the first and last image, and 
it is a consequence of scanning with se- 
lected wavelength near the tail ends of the 
distribution. 

Future challenges will include attempts 
to make ordered 2D and 3D arrays of 
these structures. Ordering in the growth 
direction might be easily achieved if advan- 
tage is taken of the far-reaching strain field. 
Ordering along the plane of the island for- 
mation presents greater difficulties, even 
though some progress has been made in this 
regard with different substrate orientations 
(32). Other areas of interest will involve 
the incorporation of these structures in de- 
vices like OD resonant tunnel diodes and in 
semiconductor QD lasers. 

Fig. 4. CL images of the same section of a sample at four of the wavelengths that produce the sharp peaks 
shown in spectra c in Fg. 1. The brighter areas correspond to higher intensities of luminescence at the 
chosen wavelength. 
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