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A compariso betwe@& compositionaly steppe ard alternatiry step-grade structure usel in the
production of a relaxation buffer layer is carried out by mears of transmissia electran microscop.
The latter shows highe efficiengy in relieving the strain A simple balane force modé permit us
to understad the reasm for a highe generatia of threadiry dislocatiors observe in the alternating
step-gradeé structures The presentd resuls can be applied as new desigq rules for buffer
fabrication that contras in sonme key points with previows publishe rules as for example the
““zero-net-straifi precep [D. Dunstan P. Kidd, P. F. Fewste, N. L. Andrew, L. Gonzlez, Y.
Gonzlez, A. Sacedn, and F. Gonzlez-SanzAppl. Phys Lett. 65, 845 (1994]. © 19% American

Institute of Physics.

During the lag decade speci4 attentian has been dedi-
catal to plastc relaxation in heteroepitaxibstructure either
for the fabricatian of devices grown in novd materiaé or for
its fundamenthunderstandingSone of the mog important
materias in this field are the InGaAs alloys Their efficient
optoelectrort properties (carric mobility, relaxatio life-
times,..) and aphotm emissia in the range of the minimum
absorptim of light guides (1.55 and 1.3 um) are essential in
the field of the moden opto- ard microelectront technolo-
gies Howeve, their lattice mismatt with commercia sub-
strates (GaAs,..) makes crystd relaxation throuch disloca-
tion necessar For this purpose severé buffer structures
hawe bee proposé in the literature amongs$ which graded
buffer layers!~ step-grade buffer layers®~’ and multilayers
(MLs)®° seen to be the mog efficiert solutions The high
growth contrd and quality of 111-V compound ard their
high dislocatian mobilities also make suc buffers goad can-
didates to obtan lattice matcha I1-V1 substrate for visible
optoelectronis applications.

Although few in numbe, sone very interestig results
haw been previousy reportel on compositionh graded
buffer layers From experimenth datg Krishnamoorthy
et al.> proposé a criterion base on the yield strengh relat-
ing the interfacid misfit to the threadimy dislocatian creation.
Furthermoreasimple balan@ force modeé explainal the dis-
location deepenig in the substraté! Finally, Dunstan
et al., 1213 Tersdf,® ard Sacedn et al.}* hawe presented
modek for the averag stran behavio of single graded and
step-grade structuresrespectivey.

Onre of the advantags of step-grade layers is the pos-
sibility to prohbe the relaxation stak layer by layer eithe by
doubk crystd x-ray diffraction (DCXRD) up to three layers
and/a by transmissia electra microscoyy (TEM).X° In this
letter, the lattice relaxation is studied by TEM on step and
alternating step-gradé structure The correspondere be-
tween the stran and the misfit dislocation densiy in such
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structurs has been shown elsewheré:® Two sampls (la-

belaed A ard B, respectively were grown by molecula beam
epitay (MBE) to compae the misfit ard threadimy disloca-
tion behavia betwee both types of structuresA schematic
descriptia of ead sampe structue is shown at the left-hand
side of the electran micrograh presentd in Fig. 1 and as
dashd lines in Fig. 2. The multilayer structue consiss of

5% step compositio in an increasity orde for sampé A and

as alternatimg sters for sampé B.

The sampla are observe in cross-sectiorlaand planar
view orientations The generd dislocatim behavio de-
scribed here is in agreemenwith resuls obtainel on other
sample with differert averag gradirg rates layer thick-
nessesand steps of composition To guide the reade with
simple conceps and to hawe an exa¢ comparisa between
the two types of structure resuls are presentd here from
sample with identicd gradirg rates layer thicknessesand
cgp layer compositiors and thicknesses.

Figure 1 shows (220 bright field TEM micrograpls of
both structure in cross sectiond orientation A mea value
of misfit dislocation densiy at interfaces is statisticaly de-
duceal upon observatio of severé specimensThis value al-
lows us to determire the relaxation ard the stran for each
layer of both stacks using a precalibration of edge and 60°
dislocatiors proportions:® The dislocatian densiy at the top
of the buffer is deduce from plana view observations.

The stran dependene versis the thicknes of both
samplsisreportal in Fig. 2. The linear increag in the strain
observe for sampé Ais in contras with the Dunstan et al.
prediction For sampé B, in addition to the well-relaxed al-
ternatirg stegp secowl layers a similar increag in stran for
ead of the two layers is also observed Suc behavia is
attributed to awork hardeniy proces in sampé A tha dis-
tributes in a neary constan way, the misfit dislocation be-
tween the layer interfaces (8—10x10® cm™?) ard to arelax-
ation blocking proces due to the alternatirg step in sample
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FIG. 1. Bright field (2200 TEM micrograp!s of sample A ard B, respec-
tively. In sampé B, the arrows show threadiny dislocatiors contaminating
the cep layer.

B. Photoluminescerespecta measuremestconfirmel the
high stran values deduce by TEM measuremestat the top
of the structue ard also the bette relaxatian of the top layer
of sampé B (e=0.0036§ compared to that of sample &
=0.0060.

In sampe A, sone misfit dislocatiors relaxing the struc-
ture are shown to threal from interfae to interface The
distribution of the® threadimy dislocatiors versts the thick-
nes is shown in Fig. 3. A maximd densiy of threading
dislocatiors is observe at the cente of the structue and a
lower densiy is observe at the first/lag layers of the stack.

In sampé B, neary no threades are observe between
the interfaces up to the 15%-30% In interfae [see Fig.
1(b)]. Since ahigh step of 15% In occuss every two layers,
the= highly strainal layers push dislocatiors down to their
previots interface Indeed the elastt forces hawe high values
in thes layers This leads to the observe dislocation free
layers in the whole step structure.

Dislocatiln densities in the cgp layers lower than
10° cm 2 ard neary 10® cm 2 are measurd by plan view
TEM observatio in samples A ard B respectivel. This re-
sult contrag with the threadimg dislocation behavio in the
bottam layers where absene of threadig dislocatiors is
clearly observe in sampé B [Fig. 1(b)]. This differene is
basicaly due to the generatio of threadimy dislocatiors at
the lag interface as shown by arrows in Fig. 1(b), that occur
only in sampe B. Indeed alarge numbe of dislocatiors are
shown to begn to threa from this lag high step interface
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FIG. 2. Residué stran determiné using the TEM observe misfit disloca-
tion densiy vs the thicknes for sample A and B. The dashe curve corre-
sponds to the layer composition ard is used as aguide for the eye.

(15%-30%), sone of which berd at the uppe alternating
step (30%—25%). Howeve, a still larger numbe of thread-
ing dislocatiors follows into the cap layer [see arrows in Fig.
1(b)].

The behavig of the dislocatiors at the lag interfac and
in the red of the structue can be understod throuch a
simple balane force model The resut of the growth of the
forces governirg the dislocatio behavia at the interfae in
the epilaye is the following*!

Fr=Fs—F —Fc—FitFqq, Y

wher Fg, Fg, F|, Fe, F;, and F44 are the resultant su-

face lineal, elastic interface and dislocation interaction
forces respectivel. Between the two sampé structuresas-
sumirg a constamn elastt modulus only two of thes forces
vaty as the avera@ gradirg ard the thicknes are identical
for both samples F 4 and F,. Due to relaxatian blocking
processesthe misfit dislocation densiy at the interfaces is
lower in sampé B at the alternaté steps and highe at the
high composition steps [Fig. 1(b)]. Therefore F 44 is weaker
than in sampé A at the inverted interface (Fyga>Fqqp)

ard larger at high stes (Fgqa<Fgqs). Moreove, due to
high steps occurrirg evely secoml layer in sampé B, the
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FIG. 3. Threadiry and misfit dislocatio densities determine by cross sec-
tiond TEM observatio vs the thicknes of sampé A. In sampe B, thread-
ing dislocatiors are observe only at the top of the stadk with adensiy just
at the detectim limit of cross sectionh TEM observatios (10° cm™2).

stran stays a highe values keepirg the elastt force F also
a high values in the high step layers of sampé B ard in the
30% layer of sampe A (Fg po<Feg; in sampeA, €=0.0015
to 0.0 until the 30% layer and e=0.0081 in this layer; in

step buffers. We show with asimple balane force modé that
compositionainverse ste structures becoms highly defec-
tive at the top of the buffer while relatively clean layers are
obtainel in dired step buffers Indeed threadimg dislocations
are observe in the cg laye with a densiy around
108 cm™2, while this value is belov the detectim limit on

the dired step sample Howeve, atight contrd of the extent
of relaxation can be achievel in an invers step buffer due to

the relaxation blocking process while in the dired step
structure the residua strain of the underlyirg layer cannot
be propery predicted Moreove, the alternatirg step struc-
ture is shown to relax the stran more efficiently. Therefore,
as desi rules for buffer fabrication we recommed begin-
ning the growth up to half of the totd thicknes by an inverse
step structue to achieve agoad contrd of the stran relax-
ation and then to follow up with arathe simple dired step
structue in orde to limit the TD propagatio (bearirg in

mind not to overpas the critical effective stgp composition
of 18%).

This work was mack possibé through grans from the
Spanis Interministerid Commissiom for Sciene and Tech-
nology CICYT (MEC), Europea ESPRT Program (BLES,
No. 6854, ard the Andalucian governmen (growp 6020.

sampe B, €=0.0039, 0.0053, and 0.0062 in high step layersthe \york was carried out at the Electran Microscopy Divi-

and below 0.0@ in alternatig step layers. This pushe the
dislocation down more strongy.

By comparirg the forces tha curb dislocatiors to thread
at the 30% layer interfaces betwea the two samplesit ap-
peas tha the® two forces ad in the sane direction i.e.,
Fada<Fggp and Fe s>Fep:

Top of the grading: Fyga—Fea<Faag—Fes- (2

This mears that in sampk A 30% layer, less dislocatiors are
generatd by the repulsie force F 44 and the dislocatiors are
submittal to a highe bendirg force F.; i.e., the probability
of havirg dislocatiors in the cap layer is much highe in the
alternatiry step type of structure Indeed threadimg disloca-
tions are revealel by XTEM observatios only in sud struc-
tures [see Fig. 1(b)].

In the bottam layers (<30%), F. is mud lower in
sampek Athan in sampé B ard F g is slightly lower than in
the 30% layer for both samples This mears tha Eq. (2)
becomes

Below the 30% layers: Fyqa—Fea>Fqas—Fep-

3

As aresult neary no threadirg dislocatiors are observe in
the sampé B layers below the 30% layer.

Asshownin Fig. 3, in sampk A, the densiy of threading
dislocatiors increag slightly in the first steps and decrease
strongl in the lag ones Thefirst increag is attributal to the
slight increag of the densiy of misfit dislocation (8—10
x10* cm™Y), whichin tum increag F 44, while the decrease
is attributed to the strorg increa® of the stran tha makesthe
elastt force much more important.

In summay, the residuéd stran has been estimate by
TEM measuremeston sample with dired and alternating
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