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The dislocation densities, surface morphology, and strain of Gal _ x In" As/GaAs epitaxial 
interfaces as a function of indium composition and layer thickness have been investigated by 
transmission electron microscopy, medium energy ion blocking, and double-crystal x-ray 
diffractometry. The electron microscopy shows that in the thinnest dislocated films (90 and 
160 nm, x = 0.07) 60· a dislocations form first in one (110) direction at the interface. 
Surprisingly, however, an asymmetry in residual layer strain is not detected in these samples, 
suggesting that the dislocations have the same Burgers vector or are evenly distributed between 
two Burgers vectors. Orthogonal arrays of dislocations are observed in films thicker than 300 
nm (60" and edge-type, x = 0.07). In this case, dislocation densities in each OW) direction are 
equal to within experimental error while an asymmetry in in-plane strain is measured (18% 
and 30% for x = 0.07,300, and 580 nm thick, respectively). An unequal distribution of 
Burgers vectors of 60· or edge-type dislocations is considered responsible for the strain 
asymmetry in these thicker samples. 

10 INTRODUCTION 

The formation of dislocations at lattice-mismatched 
semiconductor interfaces is a subject of continued attention. 
Much of the work in this area has been concerned with lat
tice-mismatched (001) interfaces of diamond cubic or zinc
Mende crystals where an orthogonal network of predomi
nantly 60· a12( llO)-type dislocations forms during 
epitaxial growth. These dislocations are believed to originate 
by either nucleation and glide from the surface or by multi
plication and bending of substrate dislocations already pres
ent in the material. 1 

In diamond cubic lattices such as Si or Ge 60°-type dislo
cations are chemically equivalent. In crystals of zinc-blellde 
symmetry, such as III-V semiconductors, dislocations can 
be associated with either sublattice. The two types, referred 
to as a and f3 dislocations, are not chemically equivalent.2 

Asymmetries in the densities of orthogonal arrays of 60" dis
locations have been observed at (100) GalnP and GaAsP I 
GaAs interfaces. 3

•
4 These perpendicular 60· dislocations are 

of like sign and are a and f3 dislocations. Abrahams et al. 
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therefore suggested that differences in the nucleation rate or 
mobility of the two types were responsible for the asymme
tries observed. More recently, direct observation by trans
mission electron microscopy (TEM) of the movement of a 
and f3 dislocations has supported this speculation.s Al
though the dislocation core structures and hence which sub
lattice each is associated with is still not clear, the velocity of 
a dislocations was observed to be much greater than that of 
f3 dislocations, 

We have been concerned with the structural properties 
of dislocated GaIl1As/GaAs interfaces and have observed 
an asymmetry in dislocation densities, surface morphology, 
and layer strain in perpendicular (110) directions. The pur
pose of this paper is to present the results of an investigation 
of these interfaces by TEM, optical microscopy, medium
energy ion blocking (MEIB), and double-crystal x-ray dif
fractometry (DXD). 

II. EXPERIMENTAL WORK 

The samples consisted of single Gal _ x lnx As/GaAs in
terfaces grown by molecular-beam epitaxy at a substrate 
temperature of 520 or 550 "C, depending on the system. 
Samples were grown at a uniform In concentration 
(x = 0.07) to thicknesses ranging from 45 to 580 nm, or 
with a uniform thickness (1 ftm) at In compositions ranging 
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from x = 0.025 to 0.2. In each case a GaAs buffer layer was 
grown prior to the deposition of the GaInAs. The indium 
composition and thickness of each sample, as measured by 
Rutherford backscattering spectroscopy (RBS) or cross
sectional transmission electron microscopy (XTEM), are 
listed in Table I. The substrate material and all layers were Si 
doped at concentrations between 1017 and 1018 atoms/em3

• 

In one case, a 6O-JLm lateral gradient in the indium composi
tion was created, ranging from 0 to 0.15, by shadowing the 
indium beam with a sample clip. 

The crystal defect structure of the interfaces was investi
gated with TEM in plan view and (110) cross section. Sam
ples for plan-view TEM were prepared by chemical thinning 
or by mechanical polishing and ion milling (Ar+, 4 keY, 50 
JLA) from the backside ofthe substrate. Additional thinning 
of the GaInAs face was necessary with iHms thicker than 
approximately 300 nm. Cross sections of interfaces glued 
face to face with epoxy (Hardman Inc., No. 04005, Belle
ville, NJ 07109) were thinned by mechanical polishing and 
ion milling. The TEM observation was carried out with ei
ther a JEOL 1200 or 200CX at accelerating voltages of 120 
or 200 keY, respectively. Movement or formation of disloca
tions was not observed in the microscope. 

Medium-energy ion blocking (MEIB) and double-crys
tal x-ray diffractometry (DXD) were used to obtain a direct 
measurement of the strain in the GalnAs layer. The ion
blocking experiments measured the position of minima in 
RBS yields of the substrate and the film aligned in (011) and 
( 111) crystallographic directions out of the plane of the in
terface. Figure 1 shows a schematic diagram of the scattering 
geometry. 6 The shift in angle of the film-blocking minimum 
with respect to the substrate-blocking minimum is a direct 
measure of the lattice strain in the film. In this work, the 
measurements were made with a 175-keV H+ beam giving a 
depth resolution of ± 1 nm. An accurate measurement of 
strain was possible from the top 30 nm of the sample, where 
ion-beam steering effects were negligible. To obtain ion
blocking minima from the unstrained substrate, half of each 
sample was etched to remove the GalnAs. The detector was 
a toroidal electrostatic analyzer which enabled simultaneous 

TABLE L Properties of Ga; _ x In, As/GaAs interfaces measured by RBS 
and TEM including x, In composition; t, layer thickncss; A, asymmetry in 
interfacial dislocation densities; 8, strain relieved by dislocations assuming 
them all to be 600 -typc; and €~ , in-plane layer strain equal to f (misfit) - 8. 

A 8 ~ 
x (nm) (%) (%) (%) 

0.D25 1000 20C 1. 20) 0.05 ( ± 0.01 ) O.13( ±0.03) 
0.050 1000 IS( +- 15) O.U( :±- 0.02) O.24( ± 0.05) 
0.070 45 0 0.50 
0.070 90 [00 O.OS( ± 0.005) 0.45 ( ::t 0.01) 
0.075 160 >90 0.07( ± 0.005) 0.47( ± 0.01) 
0.070 300 S( ± 0.10) O.13( ± 0.02) 0.37 ( ::t. 0.05) 
0.070 580 7( ±.0.1O) O.IS( + 0.02) 0.3S( ± 0.05) 
0.070 1000 3(±0.1O) O.18( -+ 0.03) 0.32( ± 0.05) 
0.150 1000 6(±0.lS) O.32( + 0.06) O.S3( ± 0.1) 
0.160 IOOG 4( ±0.1O) O.44( ± 0.07) 0.69(±0.1) 
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FIG. l. Scattering geometry fOT ion-blocking measurements using a 75-keV 
H+ beam at an incident random angle of 10.4° to the sample surface. 

detection of the backscattered ions as a function of energy 
and angle over an angular range of 18°. Mechanical move
ment of the sample was unnecessary except for a vertical 
translation to select between analysis of the GaInAs or of the 
exposed substrate. Typically, an ion fluence of7 X 1014 ions/ 
cm2 was required for one measurement. Ion-beam damage 
was absent in the sample at this dose, as verified with mea
surements of the yield and position of a blocking minimum 
for doses up to 1.3 X 1015 ions/cm2

• 

Double-crystal x-ray diifractometry was carried out to 
measure lattice plane spacings of the film and substrate per
pendicular and parallel to the interface. Lattice spacings per
pendicular to the interface were measured from rocking 
curves using the (004) symmetric reflection, while in-plane 
spacings were determined from {224} asymmetric reflec
tions. To separate the component of peak splitting related to 
lattice tilts caused by misfit dislocations from the compo
nents related to elastic strain, rocking curves were recorded 
from all four {224} asymmetric reflections. For both the 
{224} and (004) experiments, a slightly dispersive ( + , - ) 
geometry was used with the Si reference crystal oriented to 
(224) and (004) reflections, respectively. CuKa radiation 
produced by a 12-kW rotating anode generator was used in 
these experiments. 

The surface of each sample was studied by optical mi
croscopy with a Nomarski interference attachment and in 
selected cases by scanning tunneling microscopy (STM). 
All STM images were acquired with a sample bias of - 12.5 
V, and a constant tunneling current of 1 nA. The experi~ 
ments were performed in a low vacuum of about 10-- 7 Torr, 
and with no sample cleaning prior to imaging. Electrochemi
cally etched tungsten probe tips were used. 

III, RESULTS 

Ao Transmission electron microscopy 

Plan-view and (OIl) XTEM micrographs of 
GaO.93 InO.07 As/GaAs single interfaces are shown in Fig. 2. 
The GaInAs layer thickness ranged from 45 to 580 nm in 
these samples. Dislocations are detected in all but the thin
nest (45 nm) sample. In each case, it can be seen in the cross
section micrograph that the dislocations are located primar
ily at one depth in the material, corresponding to the 
interface depth as measured by RBS. Threading dislocations 
were rarely observed. In plan view the dislocations are 
aligned along (lW) directions in the (001) interface plane, 
essentially randomly distributed in a given direction. There 
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(001) -- 500 nm 
__ 200nm 

FIG. 2. TEM micrographs of Olio", Ino.1)7 As/GaAs interfaces in plan view 
and (011) cross section as a function oflayer thickness, (a), (b) 45; (c), 
(d) 90; (e),(f) 160 (x ,.~ 7.5%); (g),(h) 300; 0), (j) 580 nm. The arrow in 
each cross section indicates the interfact' position. 

is a marked asymmetry in the dislocation density ( number/ 
em) in the two < 110) directions in the 90- and 160-nm-thick 
samples. In fact, dislocations were detected in only one di
rection in the 90-nm-thick sample. (Two TEM samples were 
investigated, one fabricated by chemical etching and the oth
er by i.on milling. The thinned area in each case was a ring, 
approximately 0.5 mm in diameter.) An occasional perpen
dicular dislocation is seen in the 160-nm sample, whereas 
dislocations in both directions are present in the thicker (300 
and 580 nm) samples. Dislocations which form loops above 
and below the interface can be seen in cross sections in the 
thicker samples. 

Anisotropic etching of a TEM sample from the 90-nm
thick sample showed that the < 110) direction perpendicular 
to the dislocation line direction produced an undercut etch 
profile. 7 If it is assumed that the extra half-plane resides in 
the GaAs, then the first dislocations that formed were a 
dislocations. 
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Orthogonal arrays of dislocations similar to those of the 
300- and SSO-nm-thick 03.0.93 Ino.!l7 As/GaAs were also ob
served in the l-,um-thick Gal _ x Inx As/GaAs samples 
(x = 0.025-0.2). The interface defect structure of these 
samples as a function orIn concentration is represented well 
by the one sample grown with a lateral gradient in the indi
um composition. Figure 3 shows a plan-view TEM micro
graph of this sample thinned across the composition gradi
ent. The figure dearly shows that the dislocation density 
increases laterally as the indium composition or lattice mis
match increases from 0 to 0.15. Note also that in the region 
of the lowest indium concentration the dislocations are 
shorter in length, intersecting the surface more frequently. 
At these smaller strains the formation of the misfit disloca
tions at the interface by surface nucleation or by bending of 
threading dislocations may be incomplete. 

The average dislocation density D (number/em) in the 
two perpendicular (110) directions for each sample studied 
was measured from the TEM micrographs. The statistical 
error in this measurement was determined from the square 
root of the number of dislocations counted. (This number 
ranged from 20 to 80 depending on the dislocation density.) 
The results for D are plotted in Figs. 4(a) and 4(b), as a 
function oflayer thickness and In composition, respectively. 
The data in Fig. 4 (a) show that D increased logarithmically 
with layer thickness above a certain critical thickness. The 
critical thickness depended on the interface (110) direction. 
Figure 4(b) shows that D increased linearly with In compo
sition (x = 0.025-0.20) in both (110) directions once an 
orthogonal array of dislocations had formed. 

To obtain a measure of the difference in dislocation den
sities in the two < 110> directions we define the asymmetry in 
the dislocation density (A) as half of the difference between 
the perpendicular densities divided by the average density. 
The results for A are listed in Table I. An average A of 5% 
was observed for all samples with In compositions equal to 
0.7 or greater and thicknesses greater than 300 om. An 
asymmetry as high as 20% was measured for the 0.025 and 
0.5 In compositions (1 ,urn thick). However, in each case 
these asymmetries were less than the respective statistical 
errors in the measurement ( ± 10%-20%). The only statis
tically significant values for A in Table I are the asymmetries 
observed for the 90- and 160-nm-thick samples (0.07 In). 
The asymmetries observed for these layers were 100% and 
90%, respectively. 

Figure 5 shows plan-view TEM micrographs of an area 
of the SSO-nm-thick sample (0.7 In) for four imaging condi
tions, &40' ~oo, gZ20' and g2211' All of the curved dislocations, 
many of the short dislocations, and some long straight dislo
cations lose contrast for g220 or g220' We conclude from this 
that these dislocations, approximately 10% of tIle total, are 
edge type with Burgers vectors b = a/2( 110) in the plane of 
the interface. TEM stereograms and cathodoluminescence 
(CL) studies reported by Fitzgerald et al. 8,9 on similar speci
mens have indicated that the curved-edge dislocations corre
spond to those that loop below the interface. 

The remaining straight dislocations go partially out of 
contrast for the ~()() or &140 conditions. This is evidence that 
these di.slocations are 60C-type with Burgers vectors a/ 
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FIG. 3. Plan-view TEM images of a Ga l _ x lux As/GaAS interface grown with a lateral gradient in the indium composition ranging from x = 0 to 0.15. 
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2 < 101) or a/2 (011) out of the plane of the interface. In this 
case gob = 0 and residual contrast occurs presumably from 
the go(bxu) contribution (u is the dislocation line direc
tion). The dislocations are of the same sign with the extra 
half-plane in the GaAs as evidenced by the uniform direction 
of the dislocation TEM contrast in Fig. 5. Abrahams et ai. 
reached a similar conclusion for dislocations that formed at 
GalnP IGaAs interfaces.4 

- 200nm 

FIG. 5. Plan-view TEM micrographs of a 580-nm-thiek dislocated 
Gao.OJ Inom As/GaAs interface as a function of the two-beam imaging con
ditions, gequal to (a) 400, (b) 040, (c) 220, and (d) 220. The pointers in 
(c) and (d) indicate edge dislocations. 
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By a similar analysis, the straight dislocations observed 
in only one direction in the 90- and 160-nm-thick samples 
were determined to be 60° dislocations. Edge dislocations 
were not detected in these samples, 

The strain relieved by plastic deformation through the 
formation of dislocations, 8, is equal to IbiD, where D is 
equal to the average dislocation density and Ibl is the abso
lute value of the component of the Burgers vector in the 
direction of interest. Four possible Burgers vectors exist for 
each ofthe 60°-type dislocations in perpendicular (110) dis
locations, as illustrated in Fig, 6. If equal numbers of each 
60° Burgers vector formed at the interface then their effective 
Burgers vector would each consist of an edge component 

equal to !a [ 11 0], a magnitUde al (2!i) in the plane of the 
interface. All other components cancel. Edge dislocations 
comprise only 10% of the total number of dislocations at the 
interface although they relieve twice the strain of the 60· 
dislocations. However, if we assume that the 60· dislocations 
were evenly distributed among the possible Burgers vectors 
and if we ignore the extra 10% contribution by the edge 
dislocations, then the strain relieved by each dislocation is 

equal to (i/2.Ji) aD, 
Calculations for (3 based on these assumptions using the 

dislocation densities obtained from TEM have been listed 
with the data in Table I. The residual lattice mismatch or the 
residual (110) in-plane strain relative to the film, Eli, is equal 
tof(mismatch) - 8. This value, also listed in Table I, will be 
used later for comparison with the ion-blocking and DXD 
results. 

B. Surface corrugations 

It has been known for many years that a corrugated 
morphology forms on the surface of dislocated interfaces. 10 

This surface roughness can be detected by optical micros
copy or by scanning electron microscopy (SEM) and ap-

a~ 
I 

[1001 

b) 

[lOCI 

l' [001] 

Dislocation 
Line [110] 

---"" --
[010] 

Interface 
Plane 

1010] 

Dislocation 
~ [110] 

FIG, 6. Schematic diagram showing the possible Burgers vectors of 60°-type 
dislocations which could form at a (001) GaInAs/GaAs interface in (a) 
[IIOJ and (b) [110] directions. 
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pears in the form of perpendicular lines on (001) surfaces 
running in (110) directions. A N omarski interference pho
tograph of the surface of a I-pm-thick Gao.S5 Ino.ls As/GaAs 
sample is shown in Fig. 7 (a) . Comparable to other reports in 
the literature,9-11 perpendicular corrugations aligned along 
< 110) directions can be seen on the surface of this sample. 
An asymmetry in. the perpendicular densities of these corru
gations is clearly evident. We also find that interfaces with a 
higher lattice mismatch have a higher density of corruga
tions and that corrugations are not detected optically either 
on the surface of pseudomorphic layers or on thinner dislo
cated samples, such as the 3OG-nm-thick (0.07 In) sample. 

The amplitude of the surface corrugations can be mea
sured with STM. Line scans from a < 110) direction on a 1-
flm-thick GaO.85 InO.15 As layer on GaAs are shown in Fig. 
7 (b). The scan extends over a lateral area of 800 X 800 nm2 

and shows that the amplitude of the surface corrugation is 12 
nrn in this case. 

Fitzgerald has shown by CL and TEM that the surface 
corrugations are correlated to dark line defects and to the 
location of unique groups of dislocations at the interface, 9 

The corrugations must develop during growth from surface 
steps created by dislocation formation at the interface. 
Asymmetries in their densities are therefore related to asym
metries in dislocation Burgers vectors or types. 

A rough surface can also be observed after MBE growth 
in cases of layers with particularly large lattice mismatches 
(x> 0.18). This type of surface roughness may originate 
from island growth or other instabilities in the layer which 
are perhaps unrelated to dislocation formation. Figure 8 
shows a TEM plan view and < 110) cross section of a 30-nm
thick Gao.8oIoo.2oAs/GaAs heterolayer. A rough surface 
with a peak-to-trough amplitUde of 10 nm (about one-third 
the thickness of the layer thickness) is dearly visible in the 
cross-section view. The sample growth was epitaxial, but the 
sample thickness is very nonuniform. An orthogonal array 
of dislocations was not detected in this sample by conven
tional bright-field TEM, presumably because of the large 
lattice mismatch and thickness variations. 

C. Ion blocking 

Typical data obtained from the ion-biocking experi
ments are shown in Fig. 9. Plotted in this figure are ion scat-

FI G, 7. Surface morphology of a 1.,um-thick G<Io .• ,IIlo. IS As/GaAS sample 
as observed with (a) optical microscopy with a Nomarski attachment and 
(b) STM line scan in a (11O} direction. 
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FIG. 8. Bright-field TEM micrographs of a 30-nm-thick 
Ga., .• oIno.2As/GaAS heterolayer, (a) (011) cross section and (b) plan 
view. 

tering yields versus angle from the 160-nm-thick 
Gao.93 Ino.o7As layer (fined circles) and substrate (open cir
cles). The yield of back scattered ions from the film is greater 
than the yield from the substrate, and the width of the block
ing minima from the film is narrower. Both of these results 
are expected from the higher scattering factor of the heavier 
indium atoms in the film. The shifts in minima of the angular 
scans for the substrate and film were determined from mea
surement of the average position of the edges at half-height. 
The error in these numbers depend on statistical fluctuations 
in the yield and by the degree of asymmetry of the blocking 
minima. 

The angular shift a¢ can be converted to in-plane layer 
strain relative to the GalnAs, E~ , by the following geometri
cal relationship resulting from the tetragonal strain in the 
epitaxiallayer!2: 

a¢ = (E~ - Eli ) sin ¢ cos ¢ 

= - (1 +a)~ sin ¢ cos ¢, 

(1) 

(2) 

where if; is the angle between the (00l) surface normal and 
the ion-blocking direction, E~ is the perpendicular strain rel
ative to the film, EO is the parallel or in-plane strain relative 
to the film, and a = 2( C12/C Il ). The elastic parameters C,2 
and Cll and the lattice constants of the GaInAs layers were 
determined by linear interpolation from the bulk values for 
GaAs and InAs. In this way the expected angular shift in the 
ion-blocking minima from a (011) ion-blocking direction 
for pseudomorphic GaInAs with an indium composition of 
0.07 ( ± 0.007) is 0.27 ( ± 0.03 t. 

The (011) ion-blocking results for the series of samples 
grown with the same indium composition (0.070-0.075), 
but with layer thicknesses ranging from 45 to 580 nm, are 
listed in Table II. The angular shift measured for the 45-,90-, 
and 160-nm-thick films was O.32( ± 0.02)°. This is larger 
than expected, but just within range of experimental error. 
However, further experiments with improvements in the er
ror might reveal that a is nonlinear at the surface of these 
films. A plot of film strain in a (100) interface direction, 
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FIG. 9. Scattering yield vs angle near a (011) ion-blocking direction taken 
from the film and substrate of a Gao.9J lIlo.37 As/GaAs (SSO-nm-thick) in
terface. 

100~, obtained from this data versus layer thickness is shown 
in Fig. 10. The data from the 160-nm-thick (x = 0.075) film 
have been normalized to a lattice mismatch of x = 0.07 In 
for comparison with the other layers. A relaxation in strain is 
detected beginning with the 90-nm-thick film consistent 
with the formation of dislocations. 

Ion-blocking measurements in perpendicular < 111 > di
rections on the same sample were carried out on two layers, 
x = 0.07 (580 nm) and x = 0.20 (30 nm). In-plane layer 
strain parallel to the dislocations along perpendicular < 110) 
directions, E" ' was calculated from these data using Eq. (1). 
The results are listed in Table II with the data from (011) 
ion blocking. If the strain was isotropic in the (001) plane, 
then the in-plane strain would be the same for (011) and 
< 111) ion-blocking directions. However, the strains in per
pendicular in-plane (110) directions for the 580-nm-thick 
(x = 0.70) sample were 0.17 and 0.31( ± 0.04)% com
pared with 0,27 ( ± 0.04) % in the (l00) in-plane direction. 
Therefore, an asymmetry in the < 110) in-plane strain, A r' of 
29% was detected in the x = 0.07 In sample. A similar result 
was obtained for the x = 0.20 sample CAr = 19%). In both 
cases the asymmetry is significantly greater than the relative 
error in the ion-blocking measurements. 

D. Double~crystal x~ray difiractometry 

Double-crystal x-ray diffractometry (004) rocking 
curves from GaO.93 Inum As/GaAs samples are presented as 
a function of thickness in Fig. 11. Similar rocking curves 
were obtained from the {224} refl.ections. The difference in 
the substrate and layer peak positions, flO, decreases with 
thickness. Also, the base of the substrate peak begins to 
broaden in the 160-nm-thkk sample, increasing in width in 
the 580-n~-thick film to about four times the width of the 
45-nm-thick film. The layer peak positions could be mea
sured with an accuracy of ± 12 arcsec corresponding in 
most cases to an uncertainty in peak separation of less than 
5%. The sign convention used is such that a negative 6.0 
corresponds to the layer peak at an angle smaner than the 
substrate Bragg angle. A positive ad I d ratio indicates tensile 
strains or an expansion of the film lattice with respect to the 
substrate, while compressive strains correspond to a nega-
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TABLE II. In-plane strain at GalnAs/GaAs interfaces as measured by medium-energy ion blocking (MEIB). 

t Blocking /l.¢ In-plane Eii .:1 Eiif 
x (nm) direction (deg) direction (%) (%) (%) 

0.Q70 45 (011) 0.33( ± 0.02) (100) - 0.60( ± 0.04) -O.lO( ±0.08) 120 
0.070 90 (OIl) 0.31 (100) -0.56 -0.06 112 
0.075 160 (OIl) 0.32 (100) - 0.58(0.54) -0.04 107 
0.070 300 (OIl) 0.17 (100) -0.31 0.19 62 
0.070 580 (Oll) 0.15 (100) -0.27 0.23 54 
0.070 580 (111) 0.09 (110) - 0.17 ( ± 0.04 ) 0.33( ± 0.09) 34 
0.070 580 ( 111) 0.16 (110) - 0.31 0.19 50 

A, = 29% 

0.18 300 (011) O.22( ± 0.03) (100) - 0.40( ± 0.(5) O.SS( ± O.l) 27 
0.20 30 (011) 0.56( ± 0.03) (100) - l.OO( ± 0.(5) OA2( ±O.I) 62 
0.20 30 (111) O.59( ± 0.04) (110) - U2( ±O.07j 0.30( ± 0.1) 70 
0.20 30 (111) 0.40 (110) -0.76 0.&6 47 

A, = 19% 

tive ratio. The peak differentials from the {224} rocking 
curves were tilt corrected by averaging the results obtained 
from 180°-rotated {224} reflections. 

In general, !lO consists of two components: (1) the 
change in Bragg angle, ll.O B' and (2) the difference in tilt of 
the substrate and layer planes with respect to the surface, !1<fJ 
(identical to the angle measured by ion blocking) : 13 

!lOB = (~ cos2 if; + €(I sin2 ¢)tan OB' (3) 

!1<fJ = (El - 91)sin,p cos <fo, (4) 

ll.() = 110n ± !1,p. (5) 

where ¢ is the angle of tilt between the lattice planes and the 
surface, and ~ and 91 are x-ray strains in the layer measured 
with respect to the substrate. In our experiments, the angle 
of incidence of the x ray with the surface was On - cp, requir
ing a negative sign in Eq. (5). 

With use ofEQ. (5), e;= could be calculated directly from 
the (004) rocking curves, since in this case ¢ = O. Then, 
knowing ~'91 could be calculated from the {224} reHec-
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tions (if; = 35.26°). The results for ~ and €(I calculated from 
Eqs. (2 )-( 4) are listed in Table III. The results transformed 
into film strains €: and €[ are also listed for comparison with 
the ion blocking and TEM data in Tables I and II. The data 
for the 160-nm-thick films (x = 0.075) normalized to the 
mismatch of ax = 0.07 In film are listed in parentheses for 
comparison with the other data. 

The result for €'; for the thinnest GalnAs/GaAs sample 
measured is consistent with a pseudomorphic film of lattice 
mismatch - 0.493% (x = 0.069), assuming a = 0.92. The 
absolute measurement error in the concentration (10%) 
corresponds to an error in lattice mismatch or relative strain 
of 0.05%. However, the relative error in the composition 
(2%) plus the DXD measurement error (1 %) corresponds 
to a relative strain error of only 0.015%. This means that the 

,-... 
u 
<I) 

aoo 

~ Loyer 
!! Thickness (rim) 
§ 600 
o 
~ 580 

<II 1---...---...... 
"0 
IlC +00 

160 
200; 

i 90 

45 
0-2000 -\500 -1000 -500 

e.e (arcsecs) 

FIG. 11. Double-crystal x-ray rocking curves of the (004) reflection from 
Ga.,.93 100m As/GaAs interfaces as a function of layer thickness. 
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TABLE III. Perpendicular and in-plane strains at GalnAs/GaAs interfaces as determined by double-crystal x-ray diffractometry (DXD). 

6.8"04 tf t' j 6.(}224 Ell E~ 
(arcsec) (%) (%) (arscc) (%) (%) A, 

(nm) ( ± 12) ( :t 0.01) ( ± 0.01) (± 24) (± 10%) J 10%) (%) 

45 1280 0.952 FSl.3M 0.449 252 FS1.3MO.OOI 0.497 .5 
- 260 FSI.3MO.006 0.492 

90 122() 0.909 FS1.3M 0.406 224 0.009 0.507 .4 
248 0.006 - 0.492 

160 .- 1250 0.930 0.401 -- 320 0.048 - 0.487 (O.4S) 0.3 
(0.867) (0.365) - 316 0.045 0- 0.490 (0.46) 

300 -1080 0.805 0.304 - 320 0.069 - 0.429 18 
530 0.201 - 0.298 

580 -- 590 0.440 -0.060 -496 0.240 0.259 CO 
··688 0.361 0.139 

relative changes in E~ greater than 0.015% are significant. A 
relaxation in perpendicular strain was detected beginning 
with the 90-nm-thkk film consistent with dislocation forma
tion. The formation of defects is also indicated by the broad
ening in the substrate peak that is observed beginning with 
the 160-nm-thick layer. 

The in-plane strain Eli is plotted as a function of thick
ness in Fig. 12. The results for b.(} or E"~ in perpendicular 
(110) interface directions show that the in-plane strain was 
symmetric in the 45-, 90-, and 160-nm-thick layers, to within 
experimental error (24 arcsec), while the in-plane strain of 
the 300- and S80-nm-thick misfitted samples is asymmetric. 
Calculations of the strain asymmetry, An from EU gave val
ues of 18% and 30% for the 300- and 5S0-nm-thick samples, 
respectively. 

IV. DISCUSSION 

Interfacial dislocations at GaO.93 Inom As/GaAs inter
faces began to form during growth at a layer thickness 
between 45 and 90 nm. Although in earlier work we did not 
detect dislocations in a 100-nm-thick sample of the same 
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FIG. 12. In-plane strain cj: in perpendicular < 110) directions for 
G3.c.93 Ino.a7 As/GaAs interfaces plotted vs layer thickness as determined by 
DXD and ion blocking. 
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composition,14 these new results are in agreement with the 
critical thicknesses reported by recent photoluminescence 
(PL) studies of similar interfaces. 15-17 The critical thickness 
predicted by anisotropic equilibrium theory at this lattice 
mismatch for the formation of 60°-type dislocations is 28 
nm-Iower than the observed range. 18 However, kinetic ef
fects such as dislocation propagation velocities and interac
tions are not considered in equilibrium calculations. These 
factors have proven to be important l9 and are probably re
sponsible for the higher critical thicknesses experimentally 
observed. 

In the thinnest films (90 and 160 nm) the dislocations 
( 60° type) formed in only one (100) direction at the inter
face. Anisotropic etching of a TEM sample showed that 
these were a dislocations. There formation was also detected 
by DXD and MEIB in the form of a relaxation oftetragonal 
strain seen by a decrease in the (004) expansion and in the 
in-plane contraction. 

If it is assumed that the a dislocations were evenly dis
tributed among the four possible 60°-type Burgers vectors 
than the expected in-plane strain relieved in one < 110) direc
tion as calculated from their densities is 0.05-0.07 
(± 0.01)% (Table I). (The strain relieved in the perpen
dicular direction is zero by this assumption.) This value is 
comparable to the relaxation in in-plane strain of the two 
films measured by ion blocking in the (001) interface direc
tion [0.04,0.06 ( ± 0.04% ) ] or by DXD in (110) directions 
[0, O.05( ± 0.05)] %. However, the error on these measure
ments is large. 

DXD results also show that in-plane (110) strains in the 
thinner films differed by less than 0.003%-0.015% in the 
two perpendicular directions rather than the 0.05% suggest
ed by the above analysis. The sensitivity of this measurement 
was such that a difference greater than 0.02% would have 
been significant. This result indicates that the a dislocations, 
instead of being evenly distributed in Burger vector type, had 
either the same Burgers vector or were evenly distributed 
between two Burgers vectors. A single 60· dislocation alone 
or two together, for example, Burgers vectors (101] and 
[101] in Fig. 6(a), provided both a screw and an edge com
ponent at the interface. By either arrangement of 60· disloca
tions the strain relieved in each (110) direction would then 
be equal and the dislocation densities would predict a strain 
relief of 0.025%. 
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At a layer thickness between 160 and 300 nrn f3 disloca
tions began to form in the perpendicular (110) directions, 
such that an orthogonal array of dislocations was observed. 
Dislocation densities in the two directions were equal, to 
within experimental error (10%), yet now a 20%-30% 
asymmetry in residual layer strain was measured by both 
MEIB and DXD. Edge dislocations were also observed in 
these thicker films. 

The strain asymmetry in these thicker films can be ex
plained by an uneven distribution of 60· or edge dislocations. 
This would likewise be consistent with the asymmetries in 
the surface corrugations observed in the thicker films. An 
uneven distribution of 60° Burgers vectors would also result 
in edge components of the plane of the interface and plastic 
deformation in a direction perpendicular to the interface. 
The edge dislocations observed which looped above and be
low the interface are perhaps evidence of this occurring.7 

The layer strains estimated from dislocation densities in 
the thicker films were 20% greater than the results measured 
by MEIB or DXD (300- and S80-nm films). However, the 
TEM calculation assumed that only 60°-type dislocations 
were present. Ths suggests that the contribution made by 
pure-edge dislocations at the interface to strain relief and 
asymmetry is greater than 10% and cannot be neglected, 
Asymmetries in the straight-edge dislocation density at 
GaO.35 Ino.isAs/GaAs interfaces measured by CL and TEM 
have been reported.8 Their formation is thought to occur 
through the reaction of 60°-type dislocations, a process 
which would be sensitive to 60' dislocation densities and to a 
and {3 identification. 

It cannot be determined from our data whether the mis
fit dislocations formed by nucleation of surface loops and/or 
by multiplication of threading dislocations. However, 
threading dislocations have recently been shown to be the 
dominant nucleation mechanism in GaInAs/GaAs when 
other sources such as surface imperfections are unavail
able. 19 In such a case, the multiplication mechanism pro
posed by Strunk, which results in parallel dislocations with 
the same Burgers vector,20 might be active in the thinner 
films and may explain the initial dislocation asymmetry. Al
ternatively, if surface nucleation is occurring. Maree et al. 
have suggested that partial dislocations are important.21 In 
films under compression (such as GalnAs/GaAs) the nu
cleation of 60· dislocations is determined by the rate of nu
cleation of the 30· partial. Once an asymmetry in strain exists 
in the film the nucleation of this partial would occur prefer
entially in one direction and result in an asymmetric array of 
dislocations. For either of these mechanisms it is expected 
that the a vs {3 character of the di.slocation will be an impor
tant factor. However, further experiments are necessary be
fore the details of this issue will be resolved. 

\10 CONCLUSIONS 

The measurement of strain and dislocation densities at 
Gal _ x lnx As/GaAs interfaces as a function of indium com~ 
position and layer thickness has been investigated by TEM, 
medium-energy ion blocking (MEIB), and double-crystal 
x-ray diffractometry (DXD). TEM studies show that at the 
thinnest dislocated interfaces (t = 90 or 160 nm, x = 0.07) 

4851 J. Appl. Phys., Vol. 64, No. 10, 15 November 1988 

60° a dislocations form first in only one {OOl) direction. 
Surprisingly, an asymmetry in residual strain was not detect
ed by DXD in these samples. In order that the strain is re
lieved equally in the two in-plane (110) directions the 
Burgers vector of these dislocations must therefore be re
stricted to one or two of the four, possible Bu.rgers vectors. 

In the thicker dislocated samples (t > 300 nm, 
x = 0.07) orthogonal arrays of dislocations (60· and edge
type) form at the interfaces. Results from both ion blocking 
and DXD show that the orthogonal array of dislocations is 
associated with an asymmetry in strain parallel to the inter
face in perpendicular (110) directions. This asymmetry is 
18% and 30% for 300- and S60-nm-thick 
Gao.93 InO.07 As/GaAs interfaces, respectively, It is our con
clusion that asymmetries in the distribution of 60' Burgers 
vectors or asymmetries in edge-type dislocation densities 
were responsible for the strain asymmetry in these thicker 
samples. 
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