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to grow dislocation-free ( <10° cm ~?) and unstrained epilayers
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The strain relaxation in linearly graded composition InGaAs layers grow@@bh GaAs substrates

by molecular beam epitaxy is studied by transmission electron micros¢pyl) and double

crystal x-ray diffraction(DCXRD). The dislocation distribution in these layers does not coincide
with the predicted equilibrium dislocation distributiph Tersoff, Appl. Phys. Let62, 693(1993].

The dislocation density in the dislocation-rich layer thickness is slightly smaller than the equilibrium
density. The thickness of the dislocation-rich region is different i 11€] and[110] directions. A

good correspondence exists between the TEM and DCXRD strain measurements. The dislocation
distribution observed by TEM has made it possible to design a scheme to grow dislocation-free and
unstrained top layers on linearly graded composition buffer layerd9@4 American Institute of
Physics.

The presence of dislocations in semiconductor activehis study were grown by MBE 0(001) GaAs substrates at
layers usually degrades the device properties. In lattice miss00 °C. The studied samples consist of arhh thick linearly
matched semiconductor heteroepitaxies, dislocations argraded composition InGaAs buffer layer and a 0.3 or@%
generated when the epilayer surpasses a rather small criticick uniform composition top layer with varying composi-
thickness. This fact justifies the high number of researchions as shown in Fig. 1.
works aimed to avoid dislocation threading up to the epilayer  The dislocation distribution was studied by transmission
surface of heteroepitaxial systems. To filter threading disloelectron microscopyTEM) techniques. Specimens were pre-
cations, the most widely used solutions were the growth of a
single or multiple uniform composition layers between sub-
strates and top layef<, or the use of graded composition

34 300nm

layers?

Recently, Tersoff has calculated the equilibrium distri-
bution of dislocations and the residual strain in linearly s21 | 1- 1 pm
graded composition layers. The calculated density of dislo- W;‘ :
cations in equilibrium is just enough to exactly cancel the \w{
lattice mismatch up to a given distance from the interface
and the model predicts no dislocations at all above that dis-
tance. : 300nm

In this letter we show that the dislocation distribution of
linearly graded composition InGaAs epilayers grown on 1P
(001) GaAs substrates by molecular beam epité@d4BE) 524 : - Hm
does not coincide with the predicfeequilibrium dislocation p=0 : _
distribution. The dislocation density of the dislocation-rich GaAs (001)
layer thickness is slightly smaller than the equilibrium den-
sity. On the other hand, an asymmetric dislocation distribu-
tion between thg¢110] and[110] directions is observed. An S00nm
expression is deduced to calculate the residual strain in lin-
early graded composition layers for the obsergednequi-
librium) situation. This expression is applied to calculate the S26 1pum
residual strain at the top surface of a linearly graded compo- i BRI
sition layer. This calculation makes it possible to suggest a
design scheme to grow dislocation-free and unstrained top w
layers on linearly graded composition buffer layers.

The linearly graded composition InGaAs layers used in FIG. 1. Scheme of the studied samples.
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FIG. 2. Bright-field(g=220 TEM images of the S21 samplé) XTEM;
(b) PVTEM.

pared for TEM studies with various techniqués; Ar " ion
milling for cross-sectional TEMXTEM) observations and
(b) chemical etchingBr,+CHz;OH) for planar-view TEM

croscopes. The dislocation Burgers vectors analysis was ful-
filled using the two conventional criterigg-b=0 and
g-(bxu)=0] with the 9529, 904, aNdgyyqy reflections.

Double crystal x-ray diffraction(DXCRD) rocking
curves were obtained for each of the specimens in the surface
symmetrical (004 and asymmetrical low and high angle
(119 reflections using a Bede Scientific Instrument 150 dif-
fractometer. For each sample fa@04) rocking curves were
recorded where the projections in tf@01) plane of the in-
cident and diffracted beams lie along the fqad 0 direc-
tions. From these four readings any microscopic tilt between
the layer and the substrate was measured, and was corrected
for measurements of peak splitting on the corresponding
(119 rocking curves. The standard assumptions have been
considered to calculate the composition and lattice
mismatche$-1°The equilibrium dislocation distribution pre-
dicted for a linearly graded composition layer is just enough
to exactly cancel the mismatch up to a distargE?) from
the interface and there are no dislocations at all above
z2%% The general dislocation distribution observed by TEM
in this work is close to the equilibrium distribution, though
some significant differences are detected between them:

(1) The distance, from the interface is smaller thai® for
both (110 cross sections.

(2) The dislocation densityp) measured by TEM is slightly
smaller than that corresponding to a complete relaxation
(pep)- This density is identical for the tw§l10 cross
sections.

(3) The parameter, is different for the two possibl€l10)
cross sections, i.e., the strain relaxation is not symmetri-
cal.

Figures 2a) and 2Zb) show XTEM and PVTEM images
of sample S21, respectively. PVTEM samples were etched
only from the bottom side, so that the top layer is visible at
the edge of the foil. Similar behavior is observed in samples
S24 and S26. This behavior is schematically described in
Fig. 3, where the predicte@quilibrium)® and observed dis-
location distributions are compared. The parametgrare
measured for all the studied samples for the two possible

(PVTEM) studies. TEM observations were performed on(110 cross sections using XTEM images. Table | shows the
Jeol 1200 EX and Jeol 2000 EX transmission electron migraded layer totalz,,), the equilibrium calculated, (zZ™)

03-0.5 um

1pm

Equilibrium situation Observed situation

FIG. 3. Schematical representation of the dislocation distribution for the equilibrium and observed situations.
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TABLE I. Values of the measured graded layer td@)), 2, z8 and equi-  TABLE Il. Mean strain relaxation and composition data obtained by
librium calculated £5%) thicknesses. The three last columns show the rela-DCXRD from the top layers.
tionshipszs 2.y, 72174t , ANAZE/Zys;..

Relaxation Composition
Sample zg(Nm) z8%(nm) z5 (M) 28 (nm) 22z, z8/zi 28/Zi (%) (%)
S21 950 817 660 750 086 0.69 079 S21 94+5 2051
S24 950 817 710 810 0.86 0.75 0.85 S24 88+5 22,51
S26 1060 919 781 890 0.87 074 0.84 S26 805 26.51

A B H
and the measured. (z; and z;) thicknesses. The Cross- 1o, |ayer possesses some asymmetry, as expected for the
sehc_ltlogA correspo(r;dst t?hthe IOW(_as_t measugdparameter,  qistence ofx and B dislocations'! Since thex values are
whiie b corresponds fo the remaining one. close for both(110) directions, if the top layer is grown with

Assuming an equilibrium situation, the theoretical re- . composition eaual to the mean valitg,,) of x.* andx,®
sidual strain at the top of the graded composition buffer layer P q e t X1

(€M is Xmn=21.2+1.4, the effects of the asymmetry will be aver-
' . . aged and the layer will grow almost unstrained for b@dth0)
€= (zo—2eM e, (1) directions. Sample S21 has been grown to test the validity of

wherez,, represents the total thickness of the linearly gradedhis design scheme. To quantify the strain at the top layers of
composition buffer layer ande’ is the grading rate the three grown samples, DCXRD measurements were car-

(¢ =deldz). On the other hand, if the observed dislocationried out. The mean strain relaxation data of the top layers,
distribution is considered, partial relaxation exists ugto  obtained by DCXRD, are shown in Table Il. The composi-
and the residual strain at the top of the graded compositiotion data shown in Table Il have been obtained from the
buffer layer () is strained lattice parameters measured by DCXRD using the
2) standard assumptiofis!® As expected(1) the top layer is
not completely unstrained when an equilibrium situation is
assumed, an€R) the relaxation percentage increases as the
top layer composition is closer to the predicted average com-
osition value ofx,;=21.2.
In conclusion, a design scheme of buffer layers is elabo-

€= Zioie' — 2Zcbp,

wherep is the mean measurdgty TEM) dislocation density
belowz, andb is the average misfit composition of the Bur-
gers vector of the dislocations.

Both 60° and 90° perfect dislocations are observed b

TEM. The maximum dislocation density is<20° cm™2 and \ ) : . e
this density is quite uniform throughout the buffer layer rated allowing to grow unstrained and dislocation-fred

dislocation-rich regions; the observed maximum density dif.m ) InGaAs uniform composition epilayers on GaAs sub-
ference is lower than 210° cm 2 Additional TEM mea- Strates using linearly graded composition InGaAs buffer lay-
surements have been carried out to calculate the density 6fS. This scheme is developed considering the nonequilib-
each type(60° and 90 of dislocations; the percentage of rium situation that these graded composition layers possess.
90° dislocations ranges between 22% and 38%. The(Hq. This work was supported by the CE, under the BLES
allows us to determine the existing latticgtrained param-  ESPRIT Project, by the “ComisioInterministerial de Cien-
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