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Spontaneous lateral composition modulation as a consequence of the deposition of g, {AlAs)
(InAs),, short period superlattice on an I{t®1) substrate is examined. Transmission electron
microscopy images show distinct composition modulation appearing as vertical regions of In- and
Al-rich materials alternating in thig10] projection. The periodicity of the modulation is 130 A, and

is asymmetric. The transmission electron and x-ray diffraction patterns from the structure exhibit
distinct satellite spots which correspond to the lateral periodicity. Transmission electron microscopy
images show that the individual superlattice layers possess cusplike undulations, which directly
correlate with the composition modulation. Composition modulation in this sample appears to be
coupled to morphological and compositional instabilities at the surface due to strail99®
American Institute of Physic§S0003-695(97)04111-9

Recently, there has been a great impetus to apply low- Figure 1 shows transmission electron microscOpgM)
dimensional structures to novel electronic and photonidmages recorded at 200 kV for both th&10] and [110]
devices: For example, lasers with quantum wi®@WR) ac-  projections. In addition to the contrast arising from the SPS
tive regions are predicted to have lower threshold currentgeriodicity, the bright- and dark-field002 images both
wider modulation bandwidths, and better temperature stashow a strong, regular lateral contrast moduldtiparpen-
bility.! Deposition of short period superlatticéSPS of  dicular to the growth directiorin the[110] projection[Figs.
InAs/GaAg and InP/GaP by molecular beam epitaxy 1(a) and Xb)] but not in the[110] projection [Fig. 1(c)].
(MBE) has been shown to result in lateral compositionSince the(002) structure factor is very sensitive to the local
modulation, which has been exploited to obtain high densieomposition but not lateral strain, we attribute the image
ties of nanometer-sized QWR, without the processing limi-contrast to modulation in the local group Il composition.
tations of other fabrication methods. Application of this tech-This interpretation is supported by dark-figld04) images
nigue to the InAlAs system, an important wide-band-gap(not shown which are only weakly affected by local com-
material in high-speed electronics and optoelectrohican  position variations, and do not show lateral contrast varia-
lead to novel polarization-sensitive devices. In a laser structions. Any shear strains resulting from composition modula-
ture, for example, cladding layers consisting of AlAs/InAs tion wave in the(110 directions will not be visible in either
SPS can produce QWR behavior in active layers of InGaA$002) or (004) images’ The contrast in th€002) bright-field
due to composition-modulation induced strain fields.this  image in the110] projection[Fig. 1(a)] is highly asymmet-
letter, we report the growth of a (AIAs)J(INAS),/ ric, with narrow dark regions separated by wide light re-
InP(001) SPS that has spontaneously formed lateral compa@ions. In the(002) dark-field image of the same projection
sition modulation. [Fig. 1(b)], these narrow regions appear as thin black bands

The growth of the SPS was performed onnaype  surrounding much lighter centers. This contrast is a result of
InP(001) substrate by MBE. A 1.Qem-thick buffer layer of the extinction of th€002) structure factor when the local In
Iny.sAl o 5As was deposited at a substrate temperature 530 °€omposition reaches 52%2 Therefore, we can deduce that
and a growth ratd®k=0.685 monolayers per secofllL/s),  the narrow region is In rich witkk>0.52. This interpretation
as calibrated by reflection high energy electron diffraction.is supported by110] zone axis lattice image&ot shown
Next, an undoped (AlAs)/ (InAs),,, SPS was deposited with showing tetragonal expansion of th&l0] planes in these
n and m less than the critical thickness of AlAs/InAs;2  regions. The average modulation wavelength is measured to
ML. Double-crystal x-ray diffraction confirmed that the av- be ~130 A and this is also borne out in diffraction patterns
erage indium compositiorx of the buffer layer wasx  (see below Other films grown under similar conditions also
=0.50, andx=0.46 for the SPS structure. The superlatticeexhibit contrast variations due to composition modulation.
period was found to be 3.35 ML by transmission electron  Bright-field (002 images[Figs. 1@ and Xc)] clearly
microscopy. Therefore, the thickness of the individual supershow the individual InAs/AlAs SPS layers. For th&l0]
lattice layers averaged over the entire SPS structurenwas projection,[Fig. 1(c)], the layers are flat, while in thgl10]
=1.9 andm=1.6 ML. Polarized photoluminescence mea- projection[Fig. 1(@)], the SPS layers show sharp cusplike
surements at 10 K were performed in order to investigate thendulations. These cusps do not appear in the SPS until ap-
optical properties of the structure. The spectra from the SP8roximately the seventh period of the superlattice, testifying
showed that the intensity of the photoluminescence was pdhat they did not originate in the buffer layer but began in the
larized with respect to the composition modulation, in agreeSPS. The cusps indicate the growth front was not atomically
ment with other published resufts:®2 smooth during deposition of the SPS. The position of these
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FIG. 2. The reciprocal space map of tt@2 spot in the[ﬂo] projection.

growth proceeds by the nucleation, growth, and coalescence
of 2D islands elongated along th&l0] direction. Composi-
tion modulation occurs along the perpendicular direction.
The (002 transmission electron diffractiofTED) spots
for the SPS in the twg110 directions are shown in the
insets of Figs. (@ and Xc). Distinct lateral satellites on
either side of the principle diffraction spot are clearly visible
in [110] projection, corresponding to a periodicity of 130 A.
The diffraction spot in the orthogonal projection does not
show distinct satellites. Satellites are also visible above and
below the principle diffraction spot which correspond to the
SPS periodicity. Figure 2 shows an x-ray diffraction recipro-
cal space map of th@02) diffraction spot in thg110] pro-
jection. Again, sharp and distinct lateral satellites are visible,
in agreement with the TED results. The reciprocal space map
also shows that the SPS peak and satellites are in tension, in
agreement with the double crystal x-ray diffraction results.
Composition modulation has been attributed to a number
of different mechanisms. A common explanation is that it is
a thermodynamic effect; i.e., the alloy experiences spinodal
decompositio® However, typical growth conditions are
generally above the chemical spinodal, the condition where

001 the second derivative of the free energy with respect to com-
l ,_110 20nm position is positive, and well above the coherent spinodal.
(c) e — The coherent strain between components of the alloy tends to

stabilize the solution to fluctuations in composition, thus sig-

FIG. 1. TEM images of the SPS structure in {140] (a,b) and the[110] nificantly suppressing the critical temperature for spinodal

projections.(a) Bright-field (002 image in the[110] projection showing the decomposmorJr. Furthermore, spinodal decomposition is a
individual layers of the SPS. The layers show cusplike undulations indicatbulk effect, whereas composition modulation is clearly es-
ing a nonplanar growth froritompare to Fig. @)]. Inset:(002) diffraction  tapjished as a surface phenomenon. The reasons are as fol-
spots showing lateral satellitey) Dark-field 002 image of the area {a). | - (i) th trv betw tHa 10 d E_O
The regular, lateral contrast is due to modulation of the local Al/in ratio. The'OWS: (i) the _asymme ry _e e.en. He10] and[110] Cfm
narrow bright region between the dark bands is the center of the In-rictOnly be explained by the dimerization of the surface, Gnd
region while the broader bright region is Al rictc) Bright-fieldsg=002  the cusps, which indicate the nonplanarity of the growth
image in the[110] prolectlon._Note' the lack (_)f both lateral con_trast and front, correlate with the In-rich Iayers as seen in Fig. 1. For
cusps in the SPS. InseB02) diffraction spot with no lateral satellites. L " . . 2
systems that exhibit composition modulation in SP4%?
strain resulting from deviations from lattice matching be-
cusps correspond to maximum In concentration in the lateralween the individual superlattice layers has been cited as a
modulation as seen in Fig(l). This is consistent with the mechanism that initiates lateral composition modulation.
expected strain relief of a nonplanar film in tensfdn. This work illustrates that composition modulation appears
The directionality of the composition modulation occurs directly correlated with the morphology of the growth front.
due to the anisotropy of the As-stabilized surface structure. It  For a strained film, a nonplanar surface is more stable
is well known that for 1lI-V's under high group-V overpres- than a flat oné® The presence of a surface corrugation can
sure, the surface reconstruction consists of group-V dimereelieve strain by allowing portions of the surface to relax.
elongated in th¢110] direction. In the absence of step flow, One source of undulation-producing strain originates from
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