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Abstract. Ultrathin-layer (AlAs),(GaAs),, superlattices with m=1, 2, and 3 were grown by
molecular beam epitaxy and characterized by x-ray diffraction and photoluminescence
measurements. The appearance of distinct satellite peaks around the Bragg reflections
demonstrate the formation of high-quality layered crystals. The observed luminescence
shows a maximum at 2.033 eV for m=3, and the emission energy decreases for m=2 and
m=1 as well as for the m=4 superlattice. This result for the monolayer superlattice is in
good agreement with recent theoretical calculations, and it shows that the (AlAs),(GaAs),
superlattice represents a new artificial semiconductor material with novel electronic

properties.

PACS: 68.55, 78.65, 78.70

The recent advances in the epitaxial growth techniques
of molecular beam epitaxy (MBE) [1] and metal-
organic vapour phase epitaxy (MO VPE) [2] allow the
engineering of compound semiconductors on a mo-
lecular scale. High-quality superlattices comprised of
ultrathin layers of AlAs and GaAs have been prepared
with the superlattice period ranging from a value much
larger than the underlying natural periodicity of the
lattice down to the ultimate width of monolayers,
where a monolayer is defined as one layer of cations
plus one layer of anions [3]. In particular, the mono-
layer to several monolayer superlattices are of great
current interest, because the electronic structure can-
not be described by a combination of the two constitu-
ent semiconductors in terms of the effective mass
theory [4, 5]. The compound semiconductor superlat-
tices (AX),(BX), with m,n<4 can be considered as a
new artificial semiconductor material with a variety of
new electrical and optical properties. One of the
intriguing features of these monolayer superlattices
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should be the absence of alloy scattering which is
dominant in the conventional ternary alloys
Al, sGay sAs and Ga, 44Ing s5As [6].

In this paper we describe the growth of ultrathin-
layer (AlAs),(GaAs),, superlattices with m=1, 2, and 3
by molecular beam epitaxy and their characterization
by x-ray diffraction and low-temperature photolu-
minescence measurements. The growth rates of AlAs
and GaAs monolayers were accurately controlled by
the period of the intensity oscillations of the specu-
larly reflected beam in the reflection high energy
electron diffraction (RHEED) pattern, and actuation
of the effusion cell shutters was synchronized to these
oscillations. The occurence of distinct satellite peaks
around the (002) and the (004) reflections of the x-ray
diffraction patterns confirms the formation of high-
quality layered crystals. The Iuminescence peak
energy obtained from these (AlAs),,(GaAs),, superlat-
tices exhibits a pronounced maximum at 2.033 eV for
m=3, and it decreases for the samples with m=2 and
m=1 as well as for the m=4 superlattice. This result
for the (AlAs),(GaAs), superlattice is in contrast to
previous results by Ishibashi et al. [2], but it is in good
agreement with the theoretical calculations of
Nakayama and Kamimura [4] and Gell et al. [5] and



76

with recent ellipsometric measurements [7]. The
ultrathin-layer (AlAs),(GaAs), superlattices with
m<4 indeed represent a new artifial semiconductor
material with novel electronic properties.

1. Superlattice Growth

The ultrathin-layer (AlAs),(GaAs), superlattices were
grown in a three-chamber MBE system of the quasi-
horizontal evaporation type which comprises a con-
tinuously rotating substrate holder for 2-inch diameter
wafers and a liquid-nitrogen shroud encircling the
growth region [8]. The superlattices were deposited on
(001) oriented undoped semi-insulating GaAs sub-
strates with a typical etch pitch density of 5 x 10*cm ™2,
using a growth temperature of T,<550°C and a
growth rate as low as 1 monolayer per 5s. For the
present study the substrate rotation was not employed
so that a deviation of +5% from the ideal
Al, Ga, sAsstoichiometry across a 20-mm wafer area
resulted. The contamination-free substrate surface was
prepared by the cleaning method described in [§8]. In
brief, the etch-polished GaAs wafer was simply treated
with concentrated H,SO, and the stable surface oxide
for passivation was generated by heating the wafer to
300°C in air under dust-free conditions for about
3 min. The surface oxide was then thermally desorbed
by heating to 550°C in a flux of arsenic under ultrahigh
vacuum conditions. A clear (2 x 4) surface reconstruc-
tion was observed in the RHEED pattern when the
desorption process was finished. A 0.5 pm thick GaAs
buffer layer was grown first on the heat-cleaned
substrate to provide an atomically flat starting surface.

Prior to the growth of the superlattices, the growth
rates of AlAs and of GaAs were determined accurately
from the period of the intensity oscillations of the
specular beam in the RHEED pattern, which was
monitored by a photodiode. It is now well established
that the intensities of the specularly reflected and of
various diffracted beams of the RHEED pattern
oscillate during MBE growth and that the period of
these oscillations correspond exactly to the growth of a
monolayer [9,10]. The thickness of the AlAs and
GaAs layers in the superlattice can thus be controlled
by synchronizing the actuation of the respective effu-
sion cell shutters with the RHEED oscillations. The
low growth rate of 1 monolayer per 5 s for AlAs and for
GaAs, which we used for the present study, ensured
that the crystal growth occurs indeed in a two-
dimensional layer-by-layer growth mode.

In Fig. 1 we show the RHEED intensity sequence
for the m=1, m=2, and m=3 ultrathin-layer
(AlAs),(GaAs),, superlattice. The synthesis of each
superlattice period required four steps. At first a
monolayer (or bi- or trilayer) of GaAs was deposited.
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Fig. 1. RHEED intensity oscillations of specularly reflected
electron beam from (001) surface in [100] azimuth during growth
of (AlAs),(GaAs),, superlattices with m=1, 2, and 3

In the second step the crystal growth was stopped for
5 s and the surface was only exposed to the arsenic flux.
The third step involved the deposition of a monolayer
(or bi- or trilayer) of AlAs. Finally, the fourth step was
the same as the second one. The shutters in front of the
Ga and Al effusion cells, respectively, were opened at
the time when the intensity of the specularly reflected
beam had reached its maximum value and closed after
one (or two or three) period(s). The maximum intensity
indicated that the growth surface had become ex-
tremely smooth. The second and the fourth step of our
growth sequence thus ensured that each layer was
completed before the next one started. The four steps
were repeated 500 times for the m=1 and m=2
superlattices and 400 times for the m=3 superlattice.
Our detailed photoluminescence measurements on
(AlAs),(GaAs), superlattices with m,n=10 have es-
tablished that halting growth between successive
periods does not adversely affect the optical properties
of these multilayer structures. The cap layer of the
superlattice was always formed by GaAs.

2. Determination of Superlattice Period
by X-Ray Diffraction

The crystal quality and the superlattice period of the
ultrathin-layer (AlAs),(GaAs),, superlattices were de-
termined from x-ray rocking curves using a high-
resolution double-crystal x-ray diffractometer [11]
and also a counter diffractometer for a rapid scan over
a wide range of diffraction angles. The diffraction
patterns were recorded in the vicinity of the (002) and
the (004) reflection using CuKa radiation. In Fig. 2 we
show the measured x-ray diffraction curves for the
m=1,2, and 3 superlattices. In this figure the (002) peak
at §=15.81° as well as the (004) peak at §=33.0°
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Table 1. Structural properties of ultrathin-layer (AlAs),(GaAs),, superlattices obtained from x-ray diffraction measurements using

CuKua radiation

Sample Superlattice A6, 5 Average Al  Satellite peak position Period D/a
No. configuration x10"*rad composi- D [A]
(004) tion x (002) (004)
5843  (AlAs),(GaAs), —9.27 0.51 725 843 2349 2438 6.117 1.08
5806  (AlAs),(GaAs), —9.27 0.51 11.83 19.87 2845 37.88 11.35 2.01
5807 (AlAs);(GaAs); —8,81 0.49 13.73 18.55 3025 36.73 17.14 3.03
' ' ' T ' similar to the case of the ternary Al,Ga; __As alloy
(AlAs),(GaAs), [11]. In Table 1 we have summarized the structural
data of the ultrathin-layer superlattices, as derived
(002) 1004) from the x-ray diffraction measurements. While for the
m=3 and m=2 superlattices distinct (+) satellite
- 1 1 peaks are locgted at the expected angular position, we
3 X5 X 560 observe a splitting of the satellite peaks for the m=1
g - .JL i i h SN A superlattice. Two peaks appear around the ideal (001)
> (AlAS),(GoAS), position at §="7.827° (20 =15.654°) as well as around
g . 3 the ideal (003) position at §=24.11° (20 =48.22°). This
i ﬂ X 55 #5606 X 355 e X i .
15 splitting implies a slight deviation of the superlattice
R | G i et e period D from the ideal twofold lattice constant a.
(ALAS), (GaAs), Frqm a careful evalua_tion qf thp RHEED intensity
o N oscillation pattern depicted in Fig. 1 we assume that
| 20 #5643 % the period length of the (AlAs),(GaAs), superlattice
Nt trhmiopsorghait o '%.m..,,.,, might be larger by about 5 to 8%, as compared to the
" % do__ s e 70 ideal value of 5.659 A. In this case each of the two
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Fig. 2. X-ray diffraction patterns of (AlAs),(GaAs),, superlattices
with m=1, 2, and 3 obtained in the vicinity of the (002) and (004)
Bragg reflections using CuK« radiation

originate from both the epitaxial layer and the sub-
strate. The weak (4 1) satellite reflections on the higher
and lower angle side of these two Bragg reflections
clearly indicate the existence of periodic structures.
The period D of the (AlAs),(GaAs),, superlattices can
be determined from the angular distance between the
zeroth-order (002) or (004) peak and the respective (+)
satellite peaks using the equation

y)
- 2|sin 0. 1,—sin | ’

where A is the x-ray wavelength and 6, , ;) and 6, are the
diffraction angles of the first-order satellite and of the
zeroth-order reflection, respectively. Precise measure-
ments of the angle separation 46, , between the
substrate diffraction peak and the zeroth-order diffrac-
tion peak of the superlattice by means of the double-
crystal x-ray diffractometer yiclded the average value
of the lattice constant and the average value of the Al
composition x of the epitaxial layer (i.e., of the
(AlAs),(GaAs),, superlattice) by applying Vegard’s rule

satellite peaks located closer to the (002) and to the
(004) reflection belongs to the respective zeroth order
peaks as indicated in Table 1. Our detailed photo-
luminescence, Raman scattering [12] and ellipso-
metric measurements [ 7] revealed, however, that this
slight deviation from ideality does not impose any
falsification of the deduced optical properties of the
(AlAs),(GaAs), monolayer superlattice.

3. Luminescence Properties

The photoluminescence measurements were per-
formed with the superlattice samples immersed in
liquid He pumped to a temperature below 2 K. For
excitation we used the 5300 A (=2.34 ¢V) line of a cw
Kr™ ion laser. The luminescence signal was analysed
with a 1-m single-pass grating monochromator with
slit widths of 0.2 and 0.3 mm, corresponding to a
resolution of 2 and 2 A, respectively, and detected by
a GaAs cathode or S-1 cathode photomultiplier.

In Fig. 3 we show the low-temperature photo-
luminescence spectra obtained from the three proto-
type ultrathin-layer (AlAs),(GaAs),, superlattices with
m=1, 2, and 3. The three spectra are dominated by a
strong luminescence line which strongly shifts in
energy as a function of period length (i.e., of m). In
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Fig. 3. Low-temperature photoluminescence spectra obtained
from (AlAs),(GaAs), superlattices with m=1, 2, and 3

Table 2. Variation of photoluminescence peak energy as a
function of period length observed in ultrathin-layer
(AlAs),(GaAs),, superlattices kept at 2 K. For comparison, also
the energy of the bound-exciton luminescence detected in the
ternary Al,Ga,_,As alloy is included

Superlattice Average Al Luminescence
configuration composition x  peak energy [eV]
(AlAs),(GaAs), 0.51 1.931
(AlAs),(GaAs), 0.51 1.968
(AlAs)5(GaAs), 0.49 2.033
(AlAs),(GaAs), 0.49 1.964

Al,Ga, __As alloy 0.52 2.077

Table 2 we have summarized the luminescence peak
energies of the three superlattices. For comparison, we
have also included the peak energy obtained from the
m=4 superlattice and the bound-exciton line from the
ternary Al Ga, _.As alloy. Although all five sample
configurations were prepared under similar MBE
growth conditions and have nearly the same average
composition of Al, sGa, sAs, distinct differences exist
in the peak position and in the line shape of the
observed luminescence. The important result is that
except for the ternary alloy the m=3 superlattice
exhibits the highest luminescence peak energy of all
(AlAs),(GaAs),, superlattices. In particular, the lumi-
nescence of the monolayer superlattice is shifted by
146 meV to lower energy as compared to the ternary
Aly 5,Gag 45As alloy. The observed dependence of the
luminescence energy on the period length (i.e., on m) is
in contrast to previous results of Ishibashi et al. [2], but
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it is in good agreement with the theoretical calcu-
lations of Nakayama and Kamimura [4] and of Gell et
al. [5] as well as with recent ellipsometric measure-
ments [7]. Our results provide definite experimental
evidence that the ultrathin-layer (AlAs),(GaAs),, su-
perlattices with m <4 indeed represent a new artificial
semiconductor material with novel electronic
properties.

The temperature and excitation intensity depen-
dence of the photoluminescence spectra obtained from
(AlAs),(GaAs),, superlattices with m<4 clearly indi-
cates the excitonic nature of the luminescence in these
high-quality samples. Details of these measurements
will be published elsewhere [13]. Inspection of Fig. 3
reveals that the m=3 superlattice exhibits the nar-
rowest luminescence line with a halfwidth of
AE~12 meV. The linewidth increases for the m =2 and
m=1 superlattice. The reason for this line broadening
is probably the increasing weight of the number of
heterointerfaces on the luminescence properties when
we go from m =3 tom=1. For the m =13 superlattice we
further observe two weak phonon side bands at the
low-energy side of the main peak. They are attributed
to GaAs-like and AlAs-like LO-phonon side bands.
We have detected such weak phonon side bands also in
the photoluminescence spectra of (GaAs),,(AlAs), su-
perlattices with m,n>4 [13]. The occurence of these
side bands is related to zone folding effects and to the
mixing of X and I states. It is noteworthy that for the
ternary Al, 5,Ga, ,5As alloy we observed two strong
side bands with energy separations of 31 and 48 meV
with respect to the 2.077 meV line, which are due to
GaAs-like and AlAs-like LO-phonon coupling, respec-
tively [13]. The intensities of these two side bands are
comparable to or even stronger than the principal
luminescence line. Such spectral features are character-
istic for the indirect-gap ternary Al ,Ga,_,As alloy

[14].

4. Conclusion

We have grown ultrathin-layer (AlAs),(GaAs),, super-
lattices with m=1, 2, and 3 by molecular beam epitaxy
and we have characterized the samples by x-ray
diffraction and by low-temperature photolumines-
cence measurements. The growth rates of AlAs and
GaAs monolayers were accurately controlled by the
period of the intensity oscillations of the specularly
reflected beam in the RHEED pattern, and actuation
of the Al and Ga effusion cell shutters was syn-
chronized to these oscillations. The appearance of dis-
tinct satellite peaks around the (002) and (004) reflec-
tions of the x-ray diffraction patterns demonstrated the
formation of high-quality layered crystals. The lumi-
nescence peak energy obtained from these superlattices
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showed a pronounced maximum at 2.033 eV for m=3,
and it decreased for the samples withm=2and m=1 as
well as for the m=4 superlattice. This result for the
(AlAs),(GaAs), monolayer superlattice is in contrast
to previous experimental results [2], but it is in good
agreement with recent theoretical calculations [4, 5].
The ultrathin-layer (AlAs),(GaAs),, superlattices with
m<4 thus represent a new artificial semiconductor
material with novel electronic properties. '
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