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superlattices structures: The role of surface segregation
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The effect of In surface segregation on the microstructure of short period superledfR®sin two
different material systems with nominally equivalent lattice misfit, AIAs/InAs and GaAs/InAs, has
been investigated and compared. It was found that the quality of the SPSs and the appearance of
lateral composition modulation are remarkably different in these two systems. For AlAs/InAs SPSs
grown at temperatures df=500 °C, uniform structures devoid of lateral composition modulation
were obtained. Samples grown®t500 °C exhibit lateral composition modulation. Uniform and
homogeneous SPS structures were not obtained in the GaAs/InAs structures over the entire
temperature range examined in this study (475°G<510°C). Instead, lateral composition
modulation with varying degrees of regularity was always observed. It was found that In segregation
and roughening determine the microstructure. A kinetic exchange model predicts that at an optimum
temperature the SPS layers are more intermixed for the AlAs/InAs SPSs. Thus, the lattice mismatch
is lower and the driving force for roughening is reduced, resulting in uniform SPS structures.
Growing the structure away from the optimum temperature for smooth growth may induce
roughening-driven composition modulation. The GaAs/InAs structures are less intermixed over the
temperatures studied, which results in higher mismatch between the individual layers and a higher
driving force for roughening and lateral composition modulation. 2@2 American Institute of
Physics. [DOI: 10.1063/1.1421240

I. INTRODUCTION progress in a number of IlI-V alloy systems in this area of
research® For example, AlAs/InAs SPS structures depos-

The alloying of compound semiconductors allows bandited on InP(001) were shown to exhibit composition modu-
gap engineering and thus optical properties can be tailoregtion perpendicular to the growth direction, and the modu-
for specific device applications. Typically, it is assumed thafjation profile was correlated to surface undulation present in
alloys of this sort are fully random. That is, there is no cor-the film1° Cross-sectional transmission electron micrographs

conditions. Although phase separation in particular is gen ?Iso observed in XTEM micrographs in thL0] projection

erally avoided in device structures, the recent advent o h h lat | 101 with | h
nanotechnology has spurred an effort to exploit it for quan-/"€e the modulation was along ((ie10] with wavelengt
tum confinement device< of the order ofA=~33 nm.:~ Scanning TEM has shown that

Composition modulation is a type of phase separationthe In composition within the In-rich and Al-rich regions is

and refers specifically to the formation of phase separatedinricn=0-76 andxajicn=0.38, respectlvglﬂr.z The modula-
self-organized periodic structures. Virtually all semiconduc-tion direction has been show to vary with the average com-
tor alloys have been observed to undergo spontaneous co©sitionX of the SPS. For structures wherg is tensile &
position modulation under a variety of growth conditions. <0-53), the modulation is alon@10 directions. For struc-
Vertical composition modulation has been observed in Iniures wherex is compressiveX>0.53), the modulation is
AsSb layers deposited at low temperatufebFor example, along the elastically softL00 directions. This effect is pos-
InAs, sShy s grown at 430 °C produced a random alloy, while tulated to be a result of competition between alternating
the same material grown at 340 °C was strongly modulategompressive and tensile morphologies. The modulation di-
along the(001) growth direction. This phenomenon has beenrection can be chosen by performing growths on offcut
attributed to the nucleation of different phase islands at theubstrates? Follstaedtet al. found that the growth of InAs/
growth front® AlAs SPSs on appropriately miscut InP substrates alters the
Composition modulation often occurs during the deposi-microstructure of composition modulation from a two-
tion of alloys, as in InAsSh, but also occurs as a result of thelimensional2D) organization of wires to a single dominant
deposition of structures such as short period superlatticemodulation direction with wire lengths up tel um.*?
(SPS where each layer of the superlattice is on the order of  Lateral composition modulation has also been observed
a few monolayers. There has been a great deal of receim SPS structures of InAs/GaAs on Ii@01) substrates and
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TABLE |. Summary of the material system, growth temperaflirgrowth rateR, average In SPS composition
X, and lateral wavelength along both thd110] and[110] directions for the samples examined in this study.

A (nm)

Sample T R

No. Material system (°C) (ML/s) X [110] [1-10
A450 AlAs/InAs 450 0.48 0.45 N/A N/A
A500 AlAs/InAs 500 0.59 0.46 N/A N/A
A515 AlAs/InAs 515 0.42 0.44 29 44
A520 AlAs/InAs 520 0.42 0.44 17 26
G475 GaAs/InAs 475 0.48 0.48 15 26
G480 GaAs/InAs 480 0.48 0.48 23 25
G485 GaAs/InAs 485 0.48 0.48 17 17
G490 GaAs/InAs 490 0.48 0.48 31 71
G500 GaAs/InAs 500 0.48 0.48 27 93
G510 GaAs/InAs 510 0.48 0.48 N/A 14

InP/GaP on GaA$001) substrates, however, for these mate-modulation as a result of variations in the thickness of the
rials the modulation was reported to occur only in fid0]  individual layer thicknesses as opposed to alloy decomposi-
direction* It is believed that this orientation is chosen as ation.
result of fast diffusion along dimer rows in the that direction, ~ Despite all of the recent work in this area, a comprehen-
thus forming sheets of alternately In-rich and Ga-rich regionsive model for lateral composition modulation has yet to
that are roughly 30 nm wide and several micrometers f6ng. emerge. In this article, we compare lateral composition
A|th0ugh the formation of lateral Composition modula- modulation in AlAs/InAs and GaAs/InAs SPS structures
tion is not fully understood, several models have been progrown at various growth temperatures. Although AlAs and
posed. A common explanation for composition modulation inGaAs have similar lattice constants, the microstructure of the
both the lateral and vertical directions is spinodal decompoPhase separation is significantly different in the two material
sition. However, this explanation is unlikely since the growthsystems. In surface segregation is shown to be the cause of
temperature is much higher than the critical temperature fothese differences.
spinodal decomposition calculated by GlasCheng and
co-workerd® have developed a model referred to as strain-
indu_(?ed lateral o_rde_ringSILO)_ tq g)_(plain how lateral com- || EXPERIMENT
position modulation in SPSs is initiated. In most cases, com-
position modulation has been observed in SPSs in which the All growths were carried out in an EPI 930 molecular
constituent binary alloys are strain balanced to the InP sublbeam epitaxy chamber with solid sources for In, Ga, and Al
strate, i.e., InNAs and GaAs are both roughly 3.5% latticeand a valved cracking cell for As. The films were grown
mismatched with respect to the InP substrate, except they atgpon InP(001) substrates that were prepared by heating to
opposite in sign. Despite the rather substantial misfit betweeB&00 °C under an Asoverpressure to remove the oxide layer.
each individual layer, a SPS consisting of a few monolayersn all cases, a nominally lattice matched, ¥Ga, 47AS ran-
of each binary compound can be made to be strain balancetbm alloy was grown to a thickness on the order of 500 nm
with zero global strain. Chenet al. observed that composi- at a growth rate 0.42R<0.59 monolaydiML )/s calibrated
tion modulation occurred when the SPS is deviates slightlypy reflection high energy electron diffractidRHEED) os-
from this condition and the resulting two-dimensioaD) cillations, and at a growth temperature =500 °C that
islands produce strain fields at the surface and initiate comwas monitored by an optical pyrometer. Following buffer
position modulatiort layer growth, the SPS was grown by depositing 2 ML of
It has been suggested that undulations at the growtlnAs followed by the same amount of either AlAs or GaAs
front initiate lateral composition modulatidfijmplying that  and repeated 100 times. Table | lists the samples grown in
surface instabilities play a major role in this phenometfon. this study and the growth conditions for each. Finally, the
In fact, several models predict that stress-driven morphologistructure was capped with latticed matched InGaAs in order
cal undulations are coupled to compositionalto prevent oxidation of the Al-containing films.
modulationst®>~?! For example, Spenceet al. found that The samples were examined via a batteryroitu and
compositional stresses in alloy films further destabilize morex situ characterization tools. The quality of the crystalline
phological instabilities that arise due to misfit stresSes. surface was monitoreih situ by RHEED. X-ray diffraction
These models, however, consider the growth of single alloyXRD) 6/26 scans and reciprocal space maps were recorded
layers and may not be valid for multilayer structures. Shilk-with CuK « radiation in order to characterize the microstruc-
rot, Srolovitz, and Tersoft applied linear stability analysis ture of the SPS. XTEM was performed on representative
to multilayer structures. They found that roughening of thesamples to corroborate the XRD data. Samples were pre-
surface depends greatly on the stress contributions from thgared using mechanical thinning, followed by Ar-ion milling
buried interfaces. Under certain conditions, this model preat 4.5 kV and at angles between 3° and 5°. The buildup of
dicts that the multilayer structure exhibits lateral compositionin-metal islands on the surface was confined to the substrate
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FIG. 1. Evolution of the RHEED specular spot as a function of time for

AlAs/InAs SPSs grown aT= (a) 500 °C andb) 520 °C (solid arrow de-

notes InAs deposition and open arrow denotes AlAs FIG. 2. (a) (224 XRD reciprocal space map for sample A500. Peaks are
observed that correspond to the subst(8iebuffer layer(B), and SPS layer
(SPS. (b) (110 bright field XTEM image of this sample. The inset is a

and did not affect the sample quality in the region of interest.hlgher magnification image that shows the individual SPS layers.

XTEM studies were carried out on a JEOL 4000EX micro-

scope operated at 400 kV. perature growth. The final RHEED pattern for this sample

was somewhat spotty, which implies that some degree of
Ill. RESULTS surface roughening has occurred. These results are corrobo-

._.rated with scanning tunneling microscof§TM) images that
.AIAS/InAS and GaAsfinAs SPS structur_es have Slmllarshow that SPSs grown at low temperatures are planar and
lattice parameters, however, the resulting microstructures a

I A . .
i ) P t higher t h th a high
very different. This study was conducted to compare the two:e er?s?t;?roc:‘\l;%a}sl alr?d gezr emperatures are rougher with a hig
systems in order to identify the mechanisms that initiate lat- XRD and XTEM Were performed to learn about the SPS

eral composition modulation. Both materials systems exhibiFnicrostructure as a function of the growth temperature. Lat-

lateral composition modulation under the appropriate growtf%ral satellites in reciprocal space have been demonstrated to

conditions. be a signature of composition modulatiohiThe (224) x-ray

A. AlAs /InAs SPS structures diffraction reciprocal space map for sample A§60g. 2(a)]
shows peaks from the substrate, buffer layer, and the Bragg
peak of the SPS. The XRD of sample A450 is similar to that
of A500. Figure 2b) is a bright field image of thé€l10) zone

It was found that the growth temperature was a signifi-
cant factor in the final microstructure of compositionally

modulated samples. For the lowest temperatures studiied, . U
— 450 °C (sample A450 and T =500 °C (sample A500), the axis for sampl_e_ASOO and shows the |r_1d|V|duaI SP_S_ Iaye_rs
without any visible defects or lateral inhomogeneities, in

Cre 1 Shows plots of he itensty of the spacula feection of9SSment with the XRD data

the RHEED beam as a function of time for the InAs/AlAs | . The reciprocal space maps of the _samples grown at
SPS structures grown =500 and 520 °C. At the begin- h|gher. temperatures exhibit Iatera! satellites that arise from
ning of growth, several monolayers of InGaAs buffer IayerperIOdICIty m_the growth plar'1e. Flg.ures(as and 3p) are
were deposited. RHEED oscillations arising from this (224 and (22) x-ray diffraction reciprocal space maps of
growth are clearly observed. Immediately following, the in-S28MPple AS20 that show peaks from the substrate, buffer
dividual SPS layers were deposited, denoted by the arrows igyer, and the Bragg peak of the SPS in addition to satellites
Fig. 1. Four oscillations per period are clearly observed fothat arose from lateral composition modulation in both the
sample A500, indicating that growth proceeds via the layer110] and[110] directions. Lateral composition modulation
by-layer mode[Fig. 1(a)]. The surface reconstruction was Of this sample is confirmed by TEM. FigurescBand 3d)
(2x1) during the InAs deposition and ¢31) during the are dark field cross-sectional TEM images for 082) re-
AlAs deposition and the final RHEED pattern was streaky,flection for the[110] and[ 110] projections for sample A520
indicative of a smooth surface. The samples grown at highethat show strong regular and periodic lateral contrast that is
temperature, T=515°C (sample A51% and T=520°C characteristic of lateral composition modulation. The lateral
(sample A520, on the other hand, did not grow via the layer- composition modulation of this sample has wavelengths of
by-layer growth mode, as noted by the absence of growtih ;19;~26 nm andAy;6~17 nm.

oscillations. Oscillations in the RHEED spectral intensity A 6/26 scan about th€004) diffraction condition pro-
that are present in Fig.()) arise due to changes in the sur- vides information regarding the vertical regularity of the SPS
face reconstruction from (21) during InAs growth and structure. The presence of satellite peakd dt= +4.2° in-
(3X%1) during AlAs growth, the same as for the lower tem- dicates the presence of a well-defined regular SPS with ver-
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FIG. 3. XRD reciprocal space maps for ti&@ (224) and(b) (224) diffrac- ~ FIG. 5. XRD reciprocal space maps for tt@ (224) and (b) (224) diffrac-
tion conditions for sample A520. The maps show lateral satellites due tdion conditions for sample G490. The maps show lateral satellites due to
lateral composition modulation with wavelength$;7p;=26nm and  lateral composition modulation with wavelength$;=71nm and

A[119=17 nm. (002 XTEM dark field images of théc) [110] and (d) ~ A11g=31nm. (002 XTEM dark field images in thec) [110] and (d)
[110] projections for the same sample. [110] projections for the same sample.

tical periodicity of 4 ML. Thef/26 scangFig. 4) of samples 5:;(:] mmgc]iiII:tti?)rr\alnilcr:z(:slz(r‘liT;/gdi tl)r;gt tllfe Is;[eer{?clatl:(::)r:;ﬁg;jic-
A450, A500, A515, and A520 show that first order SPS Vel of the SPS structure

tical satellites are present in these films. Samples A450 anéy '

A500 have relatively strong vertical satellites, implying that

the structure is well defined in the vertical direction. TheB. GaAs/InAs SPS structures

higher temperature samples have significantly weaker satel- | gieral composition modulation was observed in all the

lites, suggesting that the vertical periodicity is less coherengaas/inAs SPS structures examined in this study. Further-

and TEM data that show that the highlesamples are modu-
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FIG. 4. (004 6/20 XRD scans showing peaks due to the buffer lagey,
substratg(S), SPS, and first-order SPS vertical satellitesl) for samples

A450, A500, A515, and A520. FIG. 6. (002 XTEM dark field images for sampldgs) G480 andb) G510.
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G510.

0.000 T T r °d

samples. The surface reconstruction was always I dur- “o w0 @0 500 520 540

ing the InAs deposition and (81) during the GaAs depo- Temperature (°C )

sition. The RHEED streaks began to modulate in intensity

along their length, indicating surface roughening of theFIG. 8. Plot of the relative intensity of the first-order vertical satellites
samples grown at 485 *€T<490 °C. Figure 5 shows XRD 'o/lspsas a function of the growth temperature.

reciprocal space maps and XTEM images of the GaAs/InAs

SPS sample grown dt=490 °C(sample G49D These data
show that the sample possesses very regular, robust late
composition modulation along bofid10] and[110] direc-
tions with modulation wavelengths of;;q=31nm and
A[lTO]: 71 nm.

@)y increase in growth temperature. It is also known that Ga
atoms on GaAs have a lower activation energy to diffuse
than Al atoms on AIAS* Therefore, the lateral periodicity of
the GaAs-containing samples is expected to be larger since
Ga has a longer diffusion length compared to Al. Line scans

becaFr(:]reS:ncq)alesin%ri(():\iavt?v?;L':r?rsee?ditr?::nZig(EmED? iggﬁm of the lateral satellites in the x-ray reciprocal space maps
POtLy, were fitted with a Gaussian function to determine their posi-

formation, after nominally half the SPS was deposited. Fig-. .
ure Ga) shows a XTEM dark field micrograph of a GaAs/ tion with respect to the SPS Bragg peak and to calculate the

_ N lateral periodicity of composition modulation. A of the
ISnF'?é ;E’SrfgrowntraTn— 4r80 ICiGIL}[S?.INes: theitibunff;r Igyiarﬁ r,16\IAs/InAs and GaAs/InAs structures was found to be in the
eriace, strong, reguiar latera; composition modula Orange of 15nm.A<31nm along thg110Q] direction and

is observed. However, that periodicity is destroyed after ap- A | hé61107 directi blell A
proximately 45 cycles were deposited. The remainder of th&7 nms< <93 nm along th¢110] |rect|on(see_Ta _e)L
film has irregular phase separation and a rough surfacd® Not considerably temperature dependent in eif140)

Sample GA475(not shown which was deposited afl direction, in agreement with other published repéttSe-
—475°C behaves in a similar manner spite the difference in diffusion lengths, there is no apparent

At T>490°C, the RHEED pattern also quickly de- material dependence ok In addition, the strength of lateral

graded to spots during growth. Figuréopis a XTEM dark composition modulation, which can be inferred from the in-
field image of a GaAs/InAs. SPS grown dt=510°C tensity of the lateral satellites, is not strongly temperature nor

(sample G51D In this image, lateral composition modula- material dependent. . .
tion is present, as indicated by the variation in contrast, It has been postulated that the lattice mismatch between

However, the nature of the periodicity is considerably differ-tN€ individual SPS layers is a mechanism for the appearance

ent than that in the lower temperature samples. In this casg,f lateral composition modulatictf. Therefore, it is surpris-

the lateral contrast is not correlated from the top to the bot!"d that the microstructure of the AlAs/InAs and GaAs/InAs

tom of the film. This meandering of the phase separated restructures is so different considering that the lattice param-
gions is most likely related to the 3D islands that are presen ters Of Al'TIS ?ng GaAs Tre neag_lydthe shame. Onedcommor}
on the surface during growth, as indicated by the spott)I emhe in afl 0 t elsarr:jp e_shs';]u led Is that SOTF eglree 0
RHEED pattern at the end of the deposition. It is interesting ©49M€NINY IS I(:orr%?te with t EIB appearflamce 0 atehr.a.com-
to note that the lateral composition modulation for sampleoos'tIon modulatiort:” For example, sample A500 exhibited

. — . - layer-by-layer growth but no composition modulati@fig.
G510 is only along thg110] direction as indicated by XRD : -
reciprocal space mari§ig. 7). The 126 XRD scan of this 2). Sample A520 became rough during growth and exhibited

.._lateral composition modulatioiFig. 3). This roughening
Fiechanism necessarily destroys the vertical periodicity of
the SPS structure. Figure 8 shows a plot of the ratio of the
intensity of the vertical satellites that arise due to the pres-
IV DISCUSSION ence of the SPS relative to the intensity of the SPS Bragg
The appearance of lateral composition modulation hapeakl, /I sps, measured by/26 scans about th@04) reflec-
been correlated to surface undulatiSriEherefore, it is rea- tion as a function of the growth temperature of both GaAs/
sonable to consider that surface diffusion is an importantnAs and AlAs/InAs structuresl, /1 gpg decreases with an
mechanism by which this microstructure forms. As a resultjncrease in temperature for the AlAs/InAs samples wiien
it is expected that the lateral periodicity should increase with=500°C, and for GaAs/InAs samples whdre=490 °C.

indicating that the SPS is disordered.
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FIG. 10. Lattice mismatch between the In-rich and the(@al)-rich layers

in the GaAs/InAs and AlAs/InAs SPS structures as a function of the growth
temperature using the following parametdfﬁ"& 2.04 eV, ESGa= 0.23 eV,
Ef'=2.08eV, andEL'=0.29 eV.

N\
energy barrier i€,=E;+Eg, whereEy is the segregation

energy, and has a rate pexp(—E,/kT). Assuming that seg-
regation is due only to this exchange process, the number of
In surface atoms is given by the equality of the incoming and
o outgoing In atoms, conserving the number of In atoms and
total surface atoms as a function of tifffeThe In concen-
tration profile can be built by numerically solving these ex-
pressions. The concentration profile of a SPS at three differ-
ent temperatures and fdg;=1.75eV andEs=0.2eV is
shown in Fig. 9. At low temperatur¢Big. 9a)] the rate of In
exchange is sufficiently slow there is no effective In segre-
gation. This means that at this temperature each SPS indi-
vidual layer is essentially pure InAs and Gafw AlAs).
Because the lattice mismatch between Ga#sAIlAs) and
InAs is high (f=7%) the critical thickness for 3D island
formation is small(=1 ML). In this case, 3D island forma-
FIG. 9. In concentration profiles &t= (a)400,(b) 500, and(c) 600 °C fora  tion will occur after the critical thickness of the overall struc-
SPS structure using, =2 eV andE;=0.25eV. ture is exceeded and will result in roughening the remainder
of the film, like in sample G48(QFig. 6(a)]. At intermediate
temperature$Fig. Ab)], the SPS individual layers intermix
This is consistent with the view that interfacial rougheningdue to In segregation, and the composition of each layer is
increases with an increase in the growth temperature. Theore diluted. The lattice mismatch of these samples is lower
fact thatl, /lgpgincreases ag increases folT<500°C in  and consequently the critical thickness for roughening is
the AlAs/InAs structures and fof <490°C in the GaAs/ higher. The magnitude of the intermixing will determine
InAs structures cannot be understood by considering kinetisvhether the SPS remains well ordered, like in sample A500
roughening alone. Instead, another mechanism must be ofFig. 2), or modulated, like in the sample G49Big. 5). At
erating in this temperature regime. even higher growth temperaturgsig. 9c)] the concentra-
The difference in microstructure between the AlAs/InAstion profile is shifted by 1 ML and the composition of each
and GaAs/InAs structures may be understood by consideringydividual layer is again close to that of pure Gajas AlAs)
the effect of In surface segregation during growth. In surfaceand InAs, respectively. The fact that the concentration profile
segregation refers to the preferential exchange of In atoms ihas shifted is not unexpected. As the temperature increases,
the bulk to the surface. A kinetic model that assumes segrdahe rate of In exchange to the surface is very high. At the
gation is due only to the exchange process of In atoms bdnAs/GaAs interface, for example, a very large fraction of In
tween a bulk layer and a surface la§fecan be used to ex- will exchange with Ga, effectively converting it to a GaAs/
plain this behavior. The evolution of the number of In InAs interface. Subsequent deposition of GaAs will again
surface atoms is given by the balance of incoming and outresult in this exchange. The mismatch between the individual
going In atoms. The exchange process of In atoms from th&yers is high and results in more roughening. This is in
bulk to the surface is achieved by overcoming an energygreement with the microstructure observed for sample G510
barrierE; with a rate ofv exp(—E;/kT), wherev is a vibra-  [Fig. 6b)].
tion frequency on the order of 371, k is the Boltzmann Figure 10 shows the average calculated lattice mismatch
constant, andrl is the growth temperature. A reverse ex- between the In-rich and Ger Al)-rich SPS layers versus
change(from the surface to the bulks also possible. That temperature for GaAs/InAs and AlAs/InAs SPS structures
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taking only In segregation into account. The valuesEqr assumes that only one layer participates in the In exchange
were fit to our observations. In general, the model predictprocess which is unlikel§f As a result, accurate fitting of the
that there is a minimum in the misfit at intermediate temperaparameters to experimental data, especially the valugs ,of
tures, the value of which depends sensitively Bn The is not possible with the current model. In order to simulate
value of E4 determines the amount of intermixing. That is, asthese results more accurately, the composition profiles would
the value ofE, increases, more In segregates to the surfaceneed to be calculated by taking exchange interactions be-
For Al-containing samples, no lateral composition modula-tween multiple layers and surface features such as steps and
tion is observed atf =500 °C. Furthermore, the relative SPS islands into account, similar to the work conducted by Braun
satellite intensity is highest for this samplEig. 8. Using et al?

this temperature to set the minimuf E;=2.04¢eV is ob-

tained. This is in reasonable agreement with other work thay. CONCLUSIONS

assumesE; to be of the order of the binding energy of
AlAs.?” The positions of the lateral satellites in t26

. ) . (CM) was compared in two different materials systems,
XRD scan;(Flg. .4) were fit using a Bede RA.D.S METCUIY  Gaas/inAs and AlAs/InAs SPSs, as a function of the growth
software simulation to determine the composition of the in-

dividual SPS layers, and, thus, the degree of intermixingtiggeg?t;lf}sggzélﬁﬁgnAgvsvtt?Cézgsrsdi?; sgdeitbte_lrgpsrra-
The composition of the IAl,_,As/InAl,_|As layers in = g , ayer-by-iay

- . growth mode. No lateral composition modulation was ob-

isnar:%eisﬁ:tgr:v 2? flo;';d t‘l(')hk;e;ito fgf :;?Teofsé‘(')(;esgrenrgte dserved by XTEM and the sample had well defined SPS indi-

. L7 pie ASDL genet vidual layers, i.e., no vertical intermixing. At temperatures of
compositions ofx=0.57 andy=0.38, resulting in a mis-

. T>500°C some roughening occurs and strong, regular, pe-
0,
match of 1.3%. For sample ASZO’ t.he comp05|t|ons WeT€ \iodic lateral CM is observed. The microstructure of lateral
=0.58 andy=0.35, resulting in a slightly higher mismatch

o . composition modulation in GaAs/InAs is significantly differ-
of 1.6%. Fits for sqmples grown at even higher temperatureg \+ £om that of the Al-containing samples. All the samples
could not be obtained due to disordering of the SF.’S Stru‘?éxhibit some degree of roughness and lateral composition
tures. These results show that the SPS layers are indeed i lodulation. At low temperaturesT&490°C) the samples
termixed and that the amount of |nterm|x_|ng dec_reases as t'“alitially have regular, periodic lateral composition modula-
temperature moves away from the optimum, in agreement which degrades due to island growth. 490 °C, the

with the model for In segregation. AlAs/InAs SPS structuresgrowth remains nominally planar and the SPSs exhibit

grown atT<500°C are also e_xpecte_d_ to roughen and tostrong, regular lateral CM along the whole thickness. At
modulate due to decreased In Intermixing. However, AlAS/igher temperatures, 3D islands start to nucleate immedi-
InAs SPS samples grown @500 °C do not exhibit lateral - 5y0\y the SPS becomes fully disordered, and lateral compo-

composition modulation, suggesting that the lateral mas§;ion modulation is not correlated from the top to the bottom
transfer that is necessary for composition modulation to de(—)f the film. Lateral composition modulation appears in both

velop is inactive at these temperatures for this material sys[-llo] and[lTO] directions for almost all the Ga- and Al-

tem. containing structures. The lateral periodicity is approxi-

For Ga-containing samples, lateral composition modula- ; :
L ately 30 nm and is not considerably temperature depen-
tion is never completely suppressed, however, the Ieasg‘

amount of roughening is observed for the sample grown a ent. The differences in microstructure between the two
7 . o material systems can be qualitatively explained using a ki-
T=490°C. Using this temperature to set the minimdim y d y exp g

. . ) S netic model that takes In surface segregation into consider-
E,=2.08¢V is obtained. This value &, is significantly . . X
) - . . tion. Th t monstrate that, at some intermediate tem-
higher than the binding energy of GaAsFits to determine a’o ese data demonstrate that, at some intermediate te

th i f the individual SPS | i thi teri Iéaerature, In intermixes into the individual SPS layers,
€ composition of the Individua ayers in is materia resulting in lower mismatch between the individual layers

system were not possible due to the substantial roughenin d more planar growth. At lower and higher temperatures,

of SPS interfaces. Nonetheless, these data are in qualitati\{fe[e mismatch is greater, resulting in more roughening and
agreement with the prediction of this model. Namely, thatthus more composition rr,10dulation

roughening is minimized at some intermediate temperature.
At T<485°C, the samples formed 3D islands after the criti-
cal thickness of the structure was depositedTAt490°C,
the samples did not exhibit 3D island formation although  The authors acknowledge helpful discussions with M.
some roughening did occur. Therefore, this sample exhibit8ouville, B. Bennet, R. Twesten, K. Matney, C. Wauchope,
regular and periodic lateral composition modulation alongA. Huber, B. Orr, and C. Pearson. This work was supported
the whole thickness. Samples growrilat 500 °C have very by NSF Grant No. DMR 9973352.

rough interfaces and the lateral composition modulation is

The microstructure of lateral composition modulation
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