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Roughening transition and solid-state diffusion in short-period
InP/Ing 55Gag 47AS superlattices
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We have examined the structural properties of InfiBa 4/AS superlattices grown by
metalorganic molecular beam epitaxy by varying the periodicity and the total thickness. We
observed a roughening transition, which involves the formation of wavy interfaces, when the period
and total thickness of the superlattice exceeded critical values. Interface roughening in the wake of
the growth front reveals that solid state diffusion in subsurface layers can be induced by surface
stresses associated with surface roughening.2001 American Institute of Physics.
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Phenomena related to strain have been observed prewion with the onset of a roughening transition. Using a simple
ously in superlattice$SLs) of InP/InGa, _,As.'~" The ef- model, we show that the surface and interface roughening is
fects were attributed to either thitrinsic strain related to  correlated with an increase in the total strain energy of the
the unavoidable presence of an InAs of 4#5a 47 mono-  SL caused by the presence of an excess InAs ML at the
layer(ML) at the interface$? or to anextrinsicstrain caused INg 548Ga 4AS-0n-InP interface.
by intermixing of group V elementSA third possibility for Several different SL structures with periods varying be-
interface related strain is exchange of group Il atoms acrosgyeen 660 and 50 A were evaluated. The ratio between quan-
the interfacé However, it has been argued that this effect IStum well (QW) and barrier thickness was varied as well. The
negligible in comparison to the intermixing of the group V samples were grown by a compact MOMBE systmn
sublattice’® A strain-induced wavy growth mode, which in- exact(100-InP:Fe substrates. Trimethylindium, triethylgal-

volves Ga a_nd In intermixing has been 0b7served in th?ium, arsine, and phosphine served as group Il and V
grovlvth of Iattlge mathh?: Ir:P/@_rgﬁafo_MAs SLs. th and sources, respectively. We employed the standard method for
N connection wi € topics ot wavy growth and sur . \5\vgge growth of thick layers containing a single anion
face strain, a question arises as to whether the composmolp] which arsine and phosphine were puraed and switched
undulation is purely a surface growth related phenomenon or phosp purg

whether a bulk phase separation occurs. Phase separationdl}’%rlng the growth interruptions before the group Il materials

strained IlI-V alloys is of particular interest, owing to its were introduced. The growth temperature was 50(_) °C, and
potential for arin situ one-step fabrication of optically active € 9rowth rate was about 1 ML/s. Growth interruptions be-
-V nanostructuresi.e., quantum wires and dof3A com- tween cppseputlve layers were of the orde.r of 30 s, to allow
monly held view is that the subsurface atomic arrangement il stabilization of all gas flows. The quality of the layers
frozen into place in the wake of the growth front owing to deégraded when the total SL period was less thd@0 A and

the low atomic diffusion coefficients, thus precluding thethe number of SL periods exceededl0. Cross-sectional
possibility of a bulk spinodal decomposition under typical TEM images are shown in Fig. 1 for InPyleGaysAs
growth conditions. In this letter, we examine the structural samples with 10 periodgn Fig. (@] and 20 periodgin
morphology of nominally lattice-matched InP{laGa, »As  Figs. Xb) and Xc)], each possessing a period of 60 A and
SLs grown by metalorganic molecular beam epitaxylngs:Ga +As well thickness of 30 A. Th&002) dark field
(MOMBE). By performing cross-sectional transmission elec-images in Fig. 1 were acquired with the electron beam along
tron microscopy(TEM), atomic force microscopyAFM),  the[110] azimuth. Wavy interfacial regions between the QW
and high-resolution x-ray diffractiofXRD) of the SLs at and barrier layers are observed for the sample composed of
various stages of the growth, we show that the compositior20 periods, whereas the sample with 10 periods is free of
undulation and formation of wavy interfaces can occur in thesuch large structural and composition undulations. Two dif-
wake of the growth fronti.e., after the growth of several ferent regions of the 20 period sample are shown in Figs.
smooth atomic layejsThese results provide strong evidence 1(b) and %c) to illustrate that some variations occurred be-
for solid-state diffusion in bulk subsurface layers in connecyeen regions. The vertical arrows point to the undulations
and the horizontal arrows point to the tenth layer or midpoint
3Electronic mail: danrich@almaak.usc.edu for the 20 period samples. A cross-sectional TEM analysis
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FIG. 3. Measured XRD profiléa) of a 20 period InP/IpsGa, 4As SL with

a period of 60 A and well width of 30 A. XRD simulations are shown
assuming no InAs ML at the §3Ga 4As-on-InP interfacéb) and assum-
ing the presence of an InAs Mi(with a thickness of 3.0 A at the
Ing 54G & 47AS-in-INP interface(c).

% period samples. Long wavy protrusions along fh&Q] di-

rection are observed for the 20 period sample whereas a flat
% and featureless surface is observed for the 10 period sample.

InP substrate G We therefore also find a strong correlation between surface

roughening and wavy interfaces in these samples.

FIG. 1. (002 dark-field TEM images of two InP/yGa +As samples In order to evaluate the source of the strain in these

possessing a period of 60 A and well width of 30 A. The total number of -
periods for the first sample is 10 i@®. The second sample contains 20 samples, a set of XRD results for the 20 period

periods, as shown irfb) and (c) for two different regions of the same INP/INy54Ga 47AS SL sample is shown in Fig. 3. The mea-
sample. The positions of the roughening for the second sample are indicatesired XRD profile is shown in Fig.(8). The well-resolved

with vertical arrows in(b) and (c). and intense satellite peaks indicate that the interfaces are
_ smooth. Simulations of the rocking curves were performed in
along the orthogonal azimuth]10], showed an absence of Figs. 3b) and 3c) using the Tagaki—Taupin approath.
such undulations in both samples. Two simulations are shown for a structure without an InAs
The waviness in Figs.(h) and Xc) is further character- ML at the In,s:Gay 4As-on-InP interface[Fig. 3(b)] and
ized by vertically stacked three-dimensiof@D) hillocks of ~ for a structure possessing an InAs ML at the
Ing 58Gay 47AS (dark regiong throughout most layers of the Ing54Ga, 4/As-0n-InP interfacg Fig. 3(c)]. Comparisons of
20 period sample. We detect the onset of waviness in regiornthe measured XRD spectra with the simulations yield a result
as close as the third or fourth layers from the substrate. Theost consistent with the assumption of the presence of an
presence of the hillocks beneath the tenth layer of the SlnAs ML at the interfaces, consistent with Refs. 1 and 2. We
(horizontal arrowsdemonstrates that their formation occurs cannot, however, preclude the existence of some alloying to
in the wake of the growth front and after more than 10 SLform a high-arsenic content InAsP Mt® owing to possible
periods have been grown since no such 3D formations areanion interdiffusion at the growth temperature. Our results
observed in samples with 10 periodSg. 1(a)]. These data thus excludeextrinsicinterface strain, which is caused by a
are strong evidence that solid-state diffusion occurs after 1arge intermixing of P and As, as the primary source for the
periods of the SL have been grown. AFM images of thesalegradation of short period SLs. We suggest that roughening
samples are shown in Figs(a@ and 2b) for the 10 and 20 in the SLs is caused by amtrinsic strain, owing to the

FIG. 2. AFM images of InP/Is:Ga 47As samples with
a total of 10(a) and 20(b) periods. Each sample pos-
sesses a period of 60 A and well width of 30 A.
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Since the wavy interfaces are correlated with surface
roughening, the solid-state diffusion may be induced initially
by a surface roughening transition, which can effect the un-
derlying strain fields in the SL. These strain fields will act to
further laterally phase separate growth of successive layers

< through “lattice-latching,” where the In and Ga species pre-
z I | fer larger and smaller, respectively, local in-plane lattice
> I NN N 1.5 ML InAs/InP constant$:® Further, the lateral strain field will also raise the

5 ] critical temperature for the occurrence of spinodal-
< No. of Periods decomposition in the bulk of a ternary Il1-V compou‘hd,

g ) thereby favoring the in-plane solid-state diffusion. These two
“ 0.001 | B S.y effects may explain the appearance of vertically organized

In-rich regions that are seen in TEWig. 1). A similar phe-
15 ] nomenon appears during the growth of multiple layers of
InAs/GaAs quantum dots, in which vertically self-organized
guantum dots form as a result of the vertically propagating
strain fieldst®
In conclusion, we demonstrate the importance of solid-
state diffusion in the wake of the growth front, which occurs
FIG. 4. Calculation ok g vs superlattice periofL) according to Eq(1), for in conjunction with a 2D-3D surface roughening transition.
n=20, 15, and 10 periods. Solid and open symbols represent samples thahe presence of an InAs ML at the oleGa, 4;As-0n-InP
have and have not exhibited a roughening transition, respectively. interface provides the strain energy necessary to induce these
transitions after a critical number of layers are grown. These
presence of an excess InAs ML at the 445 sAs-on-InP  results provide evidence for a spinodal decomposition behav-
interfaces. ior, and may help to explain the phase separation that leads
We hypothesize that the solid state diffusion that occurd0 quantum nanostructures in similar highly strained SL sys-
in the wake of the growth front is a result of the increase inteéms.
o aises phc-on-inP ierfaces. In order o demonsirace hat | M-C: Srateflly acknowledges the Royal Physiographi-
05328.4 : cal Society of Lund, L. M. Ericsson, and the Swedish Natu-
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where G(x)=1/4cq1(X) —cq5(X)] is the shear modulus,
v(X) =cCx(X)/[C11(X) +C1x(X)] is Poisson’s ratioL is the
SL period(which is about twice the QW thicknesd (x) is

es=NG(X) }Lf(X)Z, )
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