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A High-Resolution Transmission Electron Microscopy Study

of MBE Grown GaAs/Al,;Ga,;As Layers

(M BE= 4 L’(] 711 GaAS/Alo.:sGaMAS %"9] :17—"?'.‘ 6” -
S ae Aol 219 <)

al

=

(Jeong Yong Lee)

- ©|

MBE=2 A &A1 9] GaAs/Aly, Gay,AsZollA] well# barrier ¥ Aol = w9 & daFma ajo}
a7 fate] mteAlH g ubEo] afslFe] FAAAE AL AHEsle] dFsigich

Az, AxdeH AollA GaAsst Al,Gan,As ¥ ZE Al UarzE 2Aa o & A
Well#} barrier?) 4% UAF22 &4 7t5slch GaAssd Al ,Ga,,AsAl & F5o] m@alsh) &
AtEg & W Hebska @3, FH {002 GaAs W7kA Folol dgsl: oY 8t7] o
Alde] HEtsial oAl Heb Aol o] fiAbuldg FzHq) T Asglo] A shdsiA A
ol o} gk Aol TF Y49 AgAAL Aabsiz gokcl

Abstract

A cross-sectional transmission electron microscopy study of the MBE grown GaAs/Al Ga
layers was carried out at high-resolution so that the atomic arrangement of the well, barner and the
interface could be understood on an atomic level.

Results show that the images reveal directly the atomic structure of the GaAs, A10_3Ga .7As
layers, and all internal interfaces. The well and barrier thicknesses can be measured on the atomic
scale. The GaAs/Al, ;Gag 7As interface is sharply defined but is not smooth on the atomic scale.
The roughness arises from the presence of hills with heights of several {002} GaAs interplanar
spacings. The atomic arrangement at the interface is almost completely coherent without any

structural disorder. Alloy clustering at the interface was not observed.

- I. Introduction
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(Dept. of Materials Science and Eng., Korea The superlattices, or quantum well structures,
Institute of Technology) which consist of alternating layers of two semicon-
BETAT 1989% 48 128 ductors, have attracted considerable attention for
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application to quantum well lasers, very high
performance field effect transistors (FETs), two
dimensional electron gas field effect transistors
(2DEG-FETs), high electron mobility transistors
(HEMTs), and modulation doped field effect
transistors (MODFETs). GaAs/(Al,Ga)As semi-
conductor heterostructures are the most widely
studied, since the two materials have the same
crystal structure and they have almost equal
lattice constants and thus the structures tend to
form with a minimum amount of defecting at the
interface.

Energy levels in GaAs/(Al,Ga)As heterostruc-
tures are functions of the well thickness (La) and
barrier thickness (Lb). In GaAs/(Al, Ga)As
quantum wells, the photoluminescence (PL)
peak energy, that is, the transition energy between
electronic states in the confined well, is dependent
on the well thickness and optical transitions
involving unconfined states are dependent on the
barrier thickness. The photoluminescenc spectrum
changes systematically with the barrier thickness.
The formation of so-called islands in the hetero-
interface results in fluctuation in well thickness
and thus changes the line width of the photolu-
minescence spectrum and that of the lumine-
scence spectrum.[ 1] The photoluminescence
spectral width is completely related to the
interface roughness which is dependent on the
growth method and growth condition.[2] Since
crystal quality in actual devices improves with
growth temperature, the capability of growing
abrupt interfaces at higher temperatures is import-
ant. However, the interface becomes rough as the
growth temperature increases in molecular beam
epitaxy (MBE) technology, where it is almost
impossible to grow the superlattices at temper-
atures higher than 650°C. Thus, it is essential to
measure the well and barrier thicknesses accurately
and to study the atomic arrangement of the in-
terface in order to get informations to obtain the
better performance of devices.

There are several techniques to measure these
important structural parameters. Photolumin-
escence excitation (PLE) measurements yield
accurate sample parameters when they can be
determined by theoretical fittings. However, this
technique requires time-consuming curve fitting
processes. Raman spectroscopy of phonons
provides the most accurate value for the aluminum
composition, but does not yield informations on
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the well thickness and barrier thickness easily. X-
ray double crystal diffractometry is a very useful
technique since the well thickness and the alloy
composition can be determined from one measure-
ment.[3] However, the determined values are
not usually as accurate compared to those derived
by other techniques. Cross-sectional transmission
electron microscopy (TEM) provides the well and
barrier thicknesses of the samples directly on the
atomic scale. One of the most important factor
in the GaAs/(Al, Ga) As heterostructure is the
regular lattice arrangement across the interface.
Furthermore, the direct method of studying the
abruptness of heterointerfaces is the observation
of the lattice arrangement at the interfaces by
cross-sectional high-resolution transmission elec-
tron images. Cross-section transmission electron
microscopy specimesn were found to be extremely
difficult to prepare. However, the potential
wealth of information available justified the effort.

II. Experimental Procedure

The samples consisted of five alternating layers
with total thickness of about 1000 nm: (1) Aly 3
Gay ,As barrier, (2) GaAs well, (3) A10.3Gao.7As
barrier, (4) GaAs well, and (5) A10‘3G30_7As
barrier. These layers were grown on a GaAs
substrate with a (001) growth surface by
molecular beam epitaxy at 580°C. AlAs mole
fraction (x) of 0.3 was chosen for Aleal_xAS
layer because with that value of x, the highest
quasi-two-dimensional electron gas mobility was
obtained.[*] The barrier are sufficiently thick so
that the tunneling effects are insignificant for
this study.

Two samples were bonded face to face with
epoxy and then squeezed with a clip to minimize
the epoxy layer thickness between two samples.
After a minimum setting period of 1 day, the
bonded samples were mounted with wax (80°C
melting point) onto a quartz disc so that the
interesting interfaces were perpendicular to the
plane of the disc. The sample was polished mech-
anically on a rotating wheel with 600 grit paper.
The final polishing was accomplished with
0.03 um alumina paste. This polishing procedure
was repeated on the other side of the specimen
until a final thickness of between 50 and 100 um
was achieved. The sample was separated from the
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quartz disc by dissolving the wax in a beaker of
ethanol. The sample was then dried and glued to
a copper grid for support and easy handling.

The rotating specimen stage of the Gatan ion
mill, cooled with liquid nitrogen, was used for ion
beam milling at 17° gun tilt, 5 kV gun voltage and
50 uA specimen current. The final milling was
accomplished with at 12° gun tilt, 10 uA specimen
current. A higher yield of good specimens can be
obtained if more mechanically thinning is
employed, because this reduces the preferential
ion beam milling effect on the epoxy. High-
resolution micrographs were obtained by a JEOL
JEM 200CX electron microscope with a high-
resolution pole piece, operated at 200 keV.

. Results and Discussion

Figurel shows a bright field transmission electron
microscopy image of the sample obtained by
cross-sectional TEM specimen preparation as
described above. In this figure, there are five
layers between the GaAs substrate at the bottom
and the amorphous epoxy layer on the top surface
which was included for the specimen preparation.
The first layer on the GaAs substrate was iden-
tified .as A10_3Ga0.7As layer since this layer
showed the lighter contrast compared to the GaAs
substrate. The higher scattering factor of Ga
atoms in the GaAs layer as compared to Al atoms
in the Alj Ga ,As layer leads to the darker
contrast for the GaAs layer in the bright field
TEM image where the objective aperture removes
electron beams coming from high angles through
the optic axis. Using the magnification standard
at the bottom on the electron micrograph negative
film of this figure, the well and barrier thicknesses
were measured. It was found that the first barrier
layer is 230 nm thick. The magnification standard
was calibrated using diffraction grating replicas for
accurate magnification ineasurements from elec-
tron micrographs. The second and fourth layers
from the substrate with the darker contrast
compared to Al Ga ,As are 197 nm thick and
216 nm thick GaAs wells respectively, whereas
the third and fifth layers with the lighter contrast
are both 210 nm thick A10.3Ga0.7As barriers.
These values are in close agreement with those
estimated from the growth rates. Both the GaAs
and A10.3Ga0‘7As layers are highly uniform and
it seems that there is no structural disorder at the
interface in this figure.
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Fig.1. Bright-field TEM image of the GaAs/Al, .
Ga0_7As layers on the GaAs substrate.

Figure 2 shows the completely-indexed {110]
GaAs |} [1101A103Ga0.7As selected area diffra-

ction (SAD) pattern which was obtained by the
area in Fig. 1. Since it is impossible to discern
between the GaAs spots and Al Ga As spots
in this diffraction pattern, it is clear that all the
GaAs reflections are completely coincident with
Al Ga 7As reflections with a parallel orient-
atlon relat10nsh1p This fact indicates that the
lattice constants of GaAs and Al Ga ,As are
nearly the same and there is a neghglble misfit
between GaAs and Al Ga ,As lattice para-
meters. In fact, the lattlce constant of GaAs
(a=0.56523 nm)[5] is very similar to that of
AlAs (a=0.56605 nm) with a 0.13 % misfit,!3)
which implies that there is a negligible lattice
misfit between GaAs and Al Ga As and that
the atomic arrangement at the GaAs/Al Ga0 .
As interface is very regular without mlsf1t dlSlOC-
ations.

Analysis of these diffraction patterns shows
that both GaAs and Al Ga 4 As have a face-
centered cubic (fcc) lattlce w1th the lattice para-
meter 0.565 nm. GaAs and A10'3Ga0‘7As have
the zincblende structure. GaAs structure has an
fce lattice with a basis of one GaAs molecule, one
atom at 000, and the other at %%4% of the non-
primitive face-centered cubic unit cube, whereas

(1205)



£ 335

Fig.2. Selected area diffraction pattern in a
< 110> GaAs and Al 4Ga , As zone axis
orientation. Superimposed [110] GaAs and
[110] Aly 3 Gag » As zone axes are shown
on the SAD pattern in the bottom-right
corner. Note that the reflections from two
crystals are completely coincident with a
parallel orientation relationship.

AlAs structure has an fcc lattice with a basis of
one AlAs molecule, one Al atom at 000, and one
As atom at %%Y%. ;Ga, ;As is a solid solution
of GaAs and AlAs w1th the AlAs mole fraction0.3.
In this orientation, the eight spots immediately
surrounding the forward-scattered beam are the
first-order [110] reflections. The {111} and {002}
reflections represent lattice spacings of about
0.323nm and 0.28nm, respectively. In this
electron diffraction pattern, there is no satellite
spot around the main diffraction spots, since the
spacing of the layers is very wide compared to
that of GaAs {002} planes, and the superlattice
reflection is supposed to be nearly coincident with
the main diffraction spot. In addition, there is
no streak from the reflections, implying that
there is no sufficient density of thin planar defects
(twins, stacking faults or second phases) which is
enough to contribute to the electron diffraction.

In the diffraction pattern, the intensity of
1002} reflections is not so weak compared to
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those of other first-order reflections. However,
calculated intensity of the (002) reflection for
GaAs, 16(f As)2, is nearly zero, [6] and the
intensity for Al 4 As, 16(0. 3f + 0, 7f
f )2 has a lower value compared to the 1ntens~
1t1es of other reflections, 16(f + f )2
16(0. 3f + 0. 7f + f ) where f fAS nd
fAl are the atom1c scattermg factors of Ga As and
Al, respectively. The relatively strong intensity
of {002} reflections in this figure, which was
supposed to be weak from the kinematical
intensity calculation, can arise due to double
diffraction. For example, diffracted intensity
can occur in the (002) position by double diffra-
ction from the (111) and (111) reflection spots
from GaAs or Al, ,Ga, ,As, ie. (111) + (T11)=
(002). 1t is possible to determine whether or not
certain forbidden reflections are present due to
double diffraction by tilting the crystal about the
axis containing the forbidden reflections. If the
forbidden spots disappear after the crystal has
been tilted to the extent that intensity from the
reflection outside of the forbidden row can no
longer contribute toward double diffraction, then
it may be concluded that the spots are due to
double diffraction. This tilting experiment was
applied to determine whether or not the {002},
h+k+1=4n+2 reflections are due to double diffr-
action. The result shows that the {200} spots do
not persist so strong as the crystal is tilted to
obtain a <<100> zone axis orientation. The
{200}, {420} reflections in [100] zone axis diffrac-
tion pattern cannot occur by double diffraction.
Thus it is concluded that these spots are due to
double diffraction.

Figure 3 shows a low magnification high-resolu-
tion transmission electron microscopy image of
the second GaAs/Al Ga 7As interface from the
top in the area of F1g 1. ThlS axial lattice image
was taken in a <<110>> zone axis orientation with
an objective aperture, which contained only the
forward-scattered beam and the eight spots imm-
ediately surrounding this beam, in order to
enhance the contrast of two layers, since a smaller
objective aperture can remove more scattered
electrons with high angles. In this figure, the
lower region with the darker contrast are GaAs
whereas the upper region is Alo.aGaojAs with
the lighter contrast. Since the atomic scattering
factors of Ga and Al atoms are almost identical,
it is expected that the contrast of the two layers
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Fig3. Low magnification high-resolution TEM image of the GaAs/Alo.aGao'
a <110 > orientation.

is verly low.[7] However, this image clearly
reveals the atomic structure of the GaAs,
Alo'3GaO.7As layers, and the interface.

Two major crystallographic planes, {111} and
{002}, are superimposed on the GaAs lattice

- layers in

image in the bottom-left corner, and ten {002}
spacings of GaAs are indicated by the marker in
the bottom-right corner of this figure. Comparing
these planes with the macroscopic GaAs/Alo.3
Ga0'7As interface shows that the interface is a
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Fig.4. High-resolution TEM image of the GaAs/Al, ;Gaj ,As interface showing the

roughness of the atomic arrangement at the interface.
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{002} plane of the GaAs and Al, ,Ga, ,As layers,
implying that the growth d1rect10n of the GaAs
and Al, ;Ga, . As layers is a <001 > direction.
It is easily seen that the interface is sharply
defined and seems to be smooth. Using the 0.28
nm spacing of the {002} GaAs planes as an internal
magnification standard, it was found that the
GaAs well layer is 196.8 nm thick, which corre-
sponds to heights of 703 {002} GaAs spacings on
the electron micrograph negative. Thus, the well
and barrier thicknesses can be accurately measured
on the atomic scale. By sighting along the (111)
GaAs planes. it is clear that all the GaAs (111)
planes are continuous as they cross the GaAs/
Al Ga 7As interface. By sighting along other
GaAs planes it also shows that these planes are
continuous across the interface. Furthermore, it
is clearly seen that there is no noticeable contrast
change in the GaAs and A10.3Gao.7As layers, that
is, a uniform contrast for each layer, even though
there is a thickness change of the specimen. Thus,
it is concluded that there is no structural irregul-
arity such as dislocations, stacking faults or twins.

Figure 4 shows an enlargement of the high-
resolution transmission electron microscopy image
of the GaAs/AIO'3Ga ,As interface of Fig. 3,
again taken in a << 110 > zone axis orientation.
The interface character is shown in greater detail
in this enlargement of the interface. The crystall-
ographic planes, {111} and {002}, and the {002}
spacing in the GaAs region are indicated in the
bottom-left and bottom-right corners of this
figure, respectively.

By sighting along the (111) GaAs planes, it is
concluded that these planes are continuous as they
cross the interface and become the (111) AIO.3
Gag 7As planes and that the interface is almost
completely coherent. Again, sighting along other
planes shows that these planes are also continuous
as they cross the interface and the interface is
largely coherent with a parallel orientation
relationship, which 1is also indicated by the
selected area diffraction pattern in Fig. 2. Com-
paring these planes with the GaAs/A10.3Ga0.7As
interface shows that the macroscopic interfacial
plane is close to a {002} plane of the GaAs and
AIO.3GaO'7As crystals. It is easily seen that in-
terface is sharply defined but is not smooth on
the atomic scale. By sighting carefully along the
{002}' interfacial plane, it is possible to find that
the lower GaAs region with the darker contrast
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protrudes into the upper A10_3Ga0.7As region
with the lighter contrast as indicated by arro-
wheads in the figure. The roughness arises from
the presence of hills with heights of several {002}
GaAs interplanar spacings as indicated by the
superimposed arrowheads. These hills or valleys
lead to the fluctuation in well thickness.

The interface roughness is dependent on the
growth condition. It has generally been accepted
that the interface becomes rough as the growth
temperature increases in MBE technology, where it
is almost impossible to grow the superlattices at
temperatures higher than 650°C. However, in
metalorganic chemical vapor deposition (MOCVD),
the apparent interface roughness evaluated from
the photoluminescence spectra improves as the
growth temperature increases and no jamming
of superlattice has been experienced to above
800°C,[2] "since the growth mechanism in the
surface reaction is different for the two techn-
ologies. Watanabe and Moril 2 explained the
narrower peaks of the spectra from the quantum
wells grown at higher temperature on a model
where the size of the hills and/or valleys on the
interface grown by MOCVD at higher temperature
is smaller. Kajiwara et all'l  observed the
fluctuation in thickness of the GaAs and AlAs
layers which resulted in formation of so-called
islands. In the samples grown by MOCVD, the
variation of the PL line width indicated the
fluctuation in well thickness with one atomic
layer.lsl Thus, it is expected that, in the present
sample which was grown by MBE at 580°C, the
interface roughness due to the presence of hills
with the heights of several atomic layers will also
lead to a change in the PL spectrum width.

No irregularity in the contrast of the image in
Fig. 4 is observed in the Al Ga As layer,
which indicates that the a]loy clustermg[gl in
the A10'3Gao‘7As barriers, where the aluminum
concentration is nearly zero, does not occur in the
present sample.

IV. Conclusions

A cross-sectional transmission electron micro-
scopy study of the MBE grown GaAs/AIo.3
Ga0.7As layers was carried out at high-resolution
so that the atomic arrangement of the well, barrier
and the interface could be understood on an
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atomic level.

The images reveal directly the

atomic structure of the GaAs, Alo 3Gao 7As

layers, and all internal interfaces.

The follow-

ing results have been obtained:

1.

The well and barrier thicknesses can be
measured on the atomic scale.

The GaAs/AlO. 3Ga0_7As interface is sharply
defined but is not smooth on the atomic scale.
The roughness arises from the presence of hills

with heights of several {002} GaAs interplanar

spacings.
. The atomic arrangement at the interface is
almost completely coherent without any

structural disorder.
Alloy clustering was not observed.
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