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A series of In Ga& „As/GaAs layers with x ranging from 0.36 to 1 was grown by molecular-beam ep-
itaxy, in order to examine the dependence of the critical layer thickness (CLT) on the In mole-fraction
and growth temperature. Reflection high-energy electron diffraction (RHEED) and photoluminescence
(PL) measurements were used and indicated a reduced CLT with increasing substrate temperature. A
large difference in CLT was found between layers examined by RHEED and PL. This is discussed and
explained to be a consequence of the difference in layer structure between layers examined by PL and by
RHEED. While RHEED is a surface sensitive method, the luminescence in PL experiments originates
from embedded layers. In PL measurements the thickness of the onset of three-dimensional growth, t3D,

0
decreased from 55 to 15 A for Ino 366a064As layers as the growth temperature increased from 470 to
570'C. The PL study also indicated a reduced temperature dependence with increasing In content. The
RHEED measurements for Ino 36Gao 64As showed that the thickness when the surface lattice parameter

0
becomes equal to that of the alloys varied from 95 to 10 A for growth temperatures between 490 and
590'C, respectively. Calculations by the most frequently used models for estimating the CLT were also
carried out. The model of Price [Phys. Rev. Lett. 66, 469 11991)]best fits our experimental results. The
carrier mobility in 2-pm-thick InAs layers was measured between 20 and 300 K for layers grown at sub-
strate temperatures between 390 and 525 C. The results indicate a peak mobility of 17266 cm /Vs at
300 K for a structure grown at 520'C and a peak mobility at 77 K of 34000 cm /V s for a sample grown
at 510'C.

I. INTRODUCTION

The knowledge of strained semiconductor layers is
very important, since these are part of many electronic
and photonic device structures. The full potential of
such devices will not be reached unless growth phenome-
na taking part in strained layer epitaxy and structural re-
strictions induced by strain are fully understood. Be-
cause of the 7%%uo mismatch between the lattice constants
in GaAs and InAs, structural defects will occur at a criti-
cal layer thickness (CLT) when In Gai As is grown on
GaAs. Defects, which deteriorate the crystal quality, are
dislocations, stacking faults, and three-dimensional (3D)
islands. The. control of growth is further complicated by
the tendency of In to segregate at the growth surface.
This will to a certain extent reduce the intended In con-
centration in the layers.

Several experimental techniques have been used in pre-
vious studies of CLT. These include photoluminescence
(PL), ' x-ray double-crystal diffraction, ' Hall
effect, ' transmission electron microscopy (TEM), '
cathodoluminescence (CL), ' and reliection high-energy
electron diffraction (RHEED). ' ' The reported values
of CLT exhibit large variations due to different thickness
resolution in experiments, variations in the criteria used
to define CLT, and differences in data analysis. The most
common models to predict CLT are the mechanical equi-
librium models by Matthews and Blakeslee ' ' (MB) and
Tsao and Dodson (TD), ' the energy balance models by
People and Bean (PB) and Maree et al." and, finally,
the plastic Sow model by Dodson and Tsao (DT),
which describes the time-delayed relaxation in strained

structures. Among them, the MB is the most widely ex-
ploited, while the others have been used to fit a few ex-
perimental results. ' "" More recent investiga-
tions of In Ga& As growth on GaAs have focused
on the In sticking coefBcient and revealed its dependence
on both substrate temperature and strain.

This paper concerns CLT of the In Ga, As/GaAs
system and its relation to molecular-beam-epitaxy (MBE)
growth parameters. Such knowledge is important for the
growth of high-quality device material, especially highly
strained layers. We have used PL and RHEED to study
variations with both indium content and growth tempera-
ture. The ability to relate the distance between
diffraction rods in RHEED patterns to the surface
periodicity enabled us to measure the change in lattice
parameter with the thickness of an InQ 36GaQ 64As layer.
The results showed that the surface layer attained the
InQ36GaQ64As lattice parameter as the layer thickness

0
reached 10 A for layers grown at 590'C. The corre-
sponding value for growth at 490'C was much larger, 95
A. A comparison between the models was carried out
and discussed. To fit our RHEED results and to estimate
the activation energy for dislocation glide in
Ino 36Gao 64As/GaAs structures, the model by Dodson
and Tsao ' (DT) was used. Embedded alloy layers with
x =0.36, 0.5, 0.8, and 1 were studied by PL. For these
high In concentrations, CLT was defined as the onset of
three-dimensional (3D) growth t3D. This was found to
vary with both In content and growth temperature and
was for the first time analyzed for structures with an In
mole fraction larger than 0.36. No PL emission was
detected for InQ 36GaQ 64As layers grown below 470 C.
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To investigate if this was related to a higher incorpora-
tion of impurities at low growth temperatures, carrier
concentration and mobility were measured by the Hall
effect. The highest mobility at 300 K was —17 200
cm V s for a 2-pm-thick InAs film grown at 520'C while
it dropped to —11000 cm /Vs for a film grown at
410'C.

Our work, in part, confirms earlier findings from
RHEED investigations' ' of surface roughening
through 3D growth and measurements of the lattice con-
stant as a function of layer thickness. We also compare
CLT in surface layers and embedded structures. In addi-
tion, we introduce a more complete description of CLT,
where it is defined either as the thickness where the lat-
tice relax through misfit dislocations or the thickness
where 3D growth occurs. Experimental results obtained
from the comparison between PL and RHEED measure-
ments indicated large differences between CLT in embed-
ded and surface layers.

The paper is organized in the following way. In Sec. II
the experimental details are described. The results in Sec.
III show a declining CLT with increasing growth temper-
ature. Section IV includes a discussion of the data col-
lected from RHEED, PL, and mobility measurements,
and the conclusions are presented in Sec. V.

II. EXPERIMENT

The structures were grown, using solid source tech-
niques, on In-mounted (100) semi-insulating GaAs sub-
strates in a modified Varian MBE-360 system, consisting
of a growth chamber, a buffer chamber, and a load-lock
system. A cracker for the arsenic source provided dimers
resulting in a lower arsenic background when compared
to the use of As&. The vacuum during growth was typi-
cally 5 X 10 torr. Indium, Ga, and As2 cruxes were con-
trolled using a beam gauge placed in the substrate posi-
tion. The group-III/V partial saturation pressure was
typically 1/15. RHEED oscillations were used to cali-
brate the growth rate. As in all MBE systems equipped
with a rotating substrate holder, a correct reading of the
substrate temperature is dificult to accomplish, since the
substrate thermocouple is not in direct contact with the
substrate. Normally, this is solved by using a pyrometer
for temperatures above 500 C. For lower temperatures
the pyrometer reading is uncertain. For this reason we
developed a temperature probe ' ' working in a
nongrowth position capable of giving correct temperature
measurements from 375 to 530'C with a reproducibility
of +2'C.

All layers were deposited onto a 0.5 —1-pm-thick buffer
layer. The structures, grown at 470—590 C contained a
series of In&Ga& As quantum wells (QW's) separated by
500—2000-A-thick GaAs layers. According to our previ-
ous TEM results, a 200-A-thick separation layer is
enough to prevent strain (i.e., visible contrast) from the
embedded Inp 36Gap 64As layers to mediate through the
GaAs layers into subsequential alloy layers. All QW's for
the PL measurements were grown without interruption,
except for InAs where a 5-s interruption was used prior
to and after deposition.

The PL measurements were performed at 77 K with a
He-Ne laser as the excitation source. Emission was
dispersed by a 1-m SPEX 1704 monochromator and
detected by an S-1 photomultiplier together with a con-
ventional lock-in amplifier. To precisely assign each PL
peak to its corresponding QW, the structure was etched
using a solution of HzSO~:H20z. HzO(1:8:80) giving an
etching rate of 0.6 pm/min. Finally, the exact etching
depth was determined by a surface profiler.

The RHEED pattern was recorded in situ by a stan-
dard VHS camera. After growth the videotape was ana-
lyzed in a Teragon 4000 image-processing system. Here,
the changes in the diffraction pattern and lattice parame-
ter were measured as a function of increasing film thick-
ness. The limited signal-to-noise over from the RHEED
screen restrained the resolution of the lattice parameter

0
to an estimated +0.05 A. This was sufhcient since most
of the interesting information was contained in the trend
when the lattice parameter changed from that of GaAs to
Inp 36Gap 6/As.

The Hall samples consisted of a 2-pm-thick undoped
InAs film, grown at 390'C to 525'C under (2X4) recon-
struction on top of a 1-pm-thick GaAs buffer layer.
After growth the substrate was etched in HC1 to remove
the indium mounting. A thin layer of wax protected the
surface of the substrate during etching and was later re-
moved by trichloroethylene. The mobility was measured
between 20 and 300 K by the Hall effect using the Van
der Pauw method. Metal contacts on square samples
(3 X 3 mm ) were made by In dots which become Ohmic
without annealing.

III. RESULTS

A. Photoluminescence measurements

In Fig. 1 typical PL spectra are shown for a sample
grown at 490 C with In content x =0.8 and nominal QW
thickness L, =2, 3, 4, and 5 monolayers (ML's). Emis-
sion at 1296.7 and 1367.5 meV, in curve (a), is attributed
to excitonic recombination from the 5- and 4-ML QW's,
respectively, the full width at half maximum (FWHM) of
both peaks are rather large, approximately 50 and 38
meV. A small tail is observed at the high-energy side of
the 4-ML peak. This is clearly shown in curves (b) and
(c), where a peak developed after the 5-ML-thick QW
was removed. For these measurements excitation intensi-
ties of 5 and 10 W/cm were used. The weak emission
from the 3 ML's at 1460.5 meV, increased in intensity
after etching away the 5-ML QW. The peak size became
even more pronounced when the structure was exposed
to a higher excitation intensity, curve (c). The peak ener-
gy of the 4-ML QW was slightly blueshifted, 5.6 meV,
after etching away the thickest QW. It can also be seen
that the emission from the 3-ML QW was redshifted by
approximately 10 meV. The very weak emission from the
2-ML-thick QW shown in curve (d) could only be ob-
served when the three upper QW's had been removed.
Since the 2- and 3-ML wells gave peaks with low
FWHM, 7.3 and 11.3 meV, respectively, these layers
have a 2D characteristic. The FWHM's from InAs
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FIG. 2. The onset of three-dimensional growth from PL mea-
surements, t 3D as a function of growth temperature for x rang-
ing between 0.36 and 1. For x =0.36 there is a strong depen-
dence on temperature. The slight increase in t3D above 570'C
reflects the decreased sticking coefficient of In at high tempera-
tures. As x increases the inAuence from the growth temperature
on the t3D is decreasing.

FIG. 1. Photoluminescence spectra for In„Ga& As/GaAs
QW's grown at 490'C with nominal layer thickness L =2, 3, 4,
and 5 ML's. Spectra (b) and (c) were recorded at difFerent exci-
tation intensities after the top QW (5 ML) was removed by etch-
ing. In spectrum (d) all QW's except the 2-ML structure were
removed.

(QW)'s with nominal thickness of 1 and 2 ML's (not
shown here) were about 7 meV. This narrow FWHM is a
result of smooth interfaces arising from growth interrup-
tion. The illumination spot on the samples was varied,
before etching the sample, to measure sample uniformity.
Both the FWHM and the peak position showed small
variations. Intensity variations among the PL spectra de-
pended on differences in excitation intensities and sample
thicknesses (due to etching). The spectra labeled in Fig. 1

were recorded from different parts of the sample, since it
had been etched between each measurement.

We will introduce two different definitions for the
CLT's: one is caused by the onset of three-dimensional
growth, denoted t3D, and one is caused by the onset of
dislocation formation, td;, . The t3D (the value of t3D from
the PL measurements) was indicated by a change in
FWHM and a blueshift of the peak for increasing excita-
tion density. When the Ino 36Gao 64As layer thickness
reaches td, the emission shifts to lower energy, broadens,d1S ~

3and decreases in intensity. The value of td;, was not in-
vestigated in this work but from earlier published re-
sults ' we can conclude that td' ) t3D.

For all examined samples with x between 0.36 and 1,
the FWHM increased suddenly by a factor of 2 or more
after reaching t3D. This broadening was mainly caused
by emission from excitons confined in wells with different
thicknesses. In Fig. 2, t3D is plotted as a function of
growth temperature for different In content x. For
x =0.36, t3D exhibits a strong dependence on the growth
temperature but as x increases the sensitivity to tempera-
ture becomes less pronounced. For x =1, the value of
t» = 1 ML, but a narrow FWHM could be achieved for

2-ML-thick QW's if the growth temperature was reduced
below 490'C.

B. RHEED measurements

At all growth temperatures, the RHEED pattern was
characterized by streaks both for homoepitaxial and
strained layer 2D growth. A change to a spotty pattern
indicated a growth mode transition from 2D to 3D. For
samples grown at 490'C and below, the spotty pattern
was suppressed and not as clear as for higher tempera-
tures, which we interpret as due to a less pronounced is-
land growth. In Fig. 3(a), the lattice parameter from
RHEED measurements is shown as a function of layer
thickness for the growth of Ino 36Gao 64As at four
different temperatures. Our previous extension of the
CLT definition can also be applied here. The thickness at
which 3D growth was first detected by RHEED occurred
at the increases of lattice parameter and is denoted t„.
Here the pattern also changed from a streaky to a spotty
pattern. Exact determination of td;, is dificult and
occurs between t, &

and t,z, the thickness where the lattice
constant saturates. This is further discussed in Secs. IV C
and IV D. As in the PL measurements, we found an in-
creased CLT with decreasing growth temperature. Thus,
t, ~ varied from 10 to 95 A between 590 C and 490'C, re-
spectively. For high growth temperatures, t,z was found
to be close to the value of t„.As the growth temperature
was reduced, the difference between t„and t, z increased
with a relatively higher value for t,z. The solid curves in
Fig. 3(a) are fitted calculations (from the DT model) to
the experimental data. The calculation is further dis-
cussed in the Appendix.

Photos of the RHEED pattern in the [110] direction
from the substrate, the GaAs buffer, and the strained lay-
er 2D and 3D growth are shown in Figs. 3(c)—3(e). The
(2X4) reconstruction (indicating an As-stabilized growth
condition) improved during growth of the GaAs buffer.
Growing the Ino 36Gao 64As layer at 510—520 C changed
the reconstruction from (2X4) to (1X1). The streaky
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pattern in Fig. 3(d) changed to the spotty pattern in Fig.
3(e) as the 3D growth was initiated.

C. Comparison between RHEED and PL data

Both PL and RHEED indicated a small variation of
CLT with growth temperature above 530 C but a large
dependence below 520 C. The complete change in the

measured lattice parameter as observed by RHEED takes
place between the two lower lines in Fig. 3(b). The most
important result from Fig. 3(b) is the difference between
the RHEED and PL data with relatively higher values
for the PL measurements. Only t3D was observed in the
PL measurements but from previous TEM measure-
ments we have shown that 3D growth occurs prior to
dislocation formation in embedded structures. Hence,

5.85,
(~)

5.81

5.77

T=530 C

T=490'C

5.73

5.69
&~~~ x x xx 0 5 1015 2025 30 3

65 - Layer Thickness IA)

0 40 80 120 160
Layer Thickness (A)

~ I I ~ ~

~ RHEFD (t
c 1

~ I ~ a

600

00 ~ ~ ~ I ~ ~ ~ I ~ ~ ~ I ~ ~ ~
II

I I ~ I ~ ~ I I I ~1
- (b) --x-- pL(tp

& SO-
W

k RHEED (t,)

60
yi

40

~ 20

~ ~ ~ I ~ ~ ~ I l ~ ~ I I ~ ~ I ~ ~ ~ I ~ ~ ~ I ~ I

440 460 480 500 520 540 560
Growth Temperature ('C)

s a' Ijltml I, It enssis m c:.
c a ===~@~I I IIIII $ is

FIG. 3. (a) The lattice parameter for Inp 36Gap 64As films as a function of layer thickness, measured in situ by RHEED for four
di6'erent growth temperatures. The lines are calculated results. (b) A comparison between data from RHEED and PL measure-
ments. The solid lines represent the RHEED measurement. The lower line t, &

shows the onset of 3D growth and the upper line is the
fully relaxed lattice t,2. The error bar on the upper RHEED data point, at 490'C shows the uncertainty to determine when formation
of dislocations starts. The broken line is t» from the PL measurements. (c) Photograph of the RHEED pattern after growth of 0.5-
pm GaAs at 590 C—600 C. As the Inp 36Gap 64As layer is deposited at 510'C—520 C the pattern changes as shown in (d) and (e).
The 2D strained layer growth, shown by (d), is characterized by a streaky pattern. A spotty pattern appear as the growth mode
switches from 2D to 3D.
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FIG 3 (Continued)

both t3D and td;, are higher in the embedded PL struc-
tures than in the surface structures examined by
RHEED. The resolution and detection limit for RHEED
and PL are different and may inhuence the result. How-
ever, this difference is not large enough to explain the
large discrepancy between the results from the two tech-
niques. Instead, we attribute this to different dislocation
formation mechanisms present in embedded as compared
to surface layers.

D. Mobility measurements

The PL intensity was high but dropped quickly for all
layers grown below 470'C. Mobility measurements were
made to find a possible correlation of this quenching of
the luminescence to any electrical deterioration of the
layers. A number of 2-pm-thick unintentionally doped
n-type InAs layers were grown on GaAs at different tem-
peratures. The carrier concentration showed only a small
dependence, within a factor of 2, on growth temperature.
Thus for a 300-K measurement, the carrier concentration
varied only from 1.6 to 2.7X10' cm for layers grown
at 525'C and 410'C, respectively, and between 9X10'
and l. 85 X 10' cm at 77 K. In Fig. 4(a) the carrier
mobility p3QQ is shown as a function of growth tempera-
ture. A 300 K a peak mobility of 17266 cm /Vs was
measured in the layer grown under a diffuse (1X 1) pat-
tern at 520'C. This has earlier been shown to be the op-
timum growth condition for InAs. For growth below
520'C, the mobility fell rapidly and was found to be ap-
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FIG. 4. (a) The Hall mobility at 300 K as a function of
growth temperature. Growth temperatures below 510'C had an
increasing tendency to roughen the surface. The error bars
shows the relative uncertainty in each measurement. (b) The
mobility as a function of temperature for samples grown at
three diFerent temperatures.
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proximately 12000 cm /V s, independent of growth tem-
perature. Also above 520 C, with growth close to the
(4X2) reconstruction, the mobility decreased. In Fig.
4(b) the mobility is shown as a function of temperature
for three samples with growth temperature as a parame-
ter. As can be seen, there is a peak mobility at approxi-
mately 80 K and the samples exhibit similar mobility
curves. The sample grown at 520'C had a mirrorlike sur-
face with very few visible defects. Growth below 510 C,
or at 525'C, gave rough surfaces as seen by optical mi-
croscopy. Clearly there is no obvious correlation be-
tween the mobility and the cutoff in PL intensity at
470 'C.

IV. DISCUSSION

A. Growth considerations

The surface ideally consists of atomic planar terraces
separated by GaAs bilayer steps. The size of the terraces
is of the order of 1000 A, depending on the misorienta-
tion of the surface. In the 2D growth the impinging
atoms move freely on the surface due to the high surface
mobility. This growth can be separated into low- and
high-temperature regimes. At low temperatures the
atomic surface migration distance is short and a 2D- nu-
cleation occurs on the terraces. At high temperatures,
where the mean free path of the surface atoms exceeds
the terrace size, the atoms are preferably incorporated
into lattice sites at the step edges. In the ideal 2D step
growth mode, a local area of the exposed surface never
consists of more than two unfinished monolayers. If
there is a different lattice constant between surface layer
and substrate, it is reasonable to assume that the growth
mode switches from 2D to 3D at a critical strain. In this
case, the impinging atoms form clusters (islands) on the
surface and the growth front becomes rough. Both types
of growth modes were detected by the RHEED pattern
during growth. The 2D growth was characterized by
streaks switching to a spotty pattern as 3D islands were
nucleated on the surface. According to our PL data
shown in Fig. 2, 3D islands are more rapidly formed at
higher substrate temperature (with a low dependence on
growth temperature when x )0.5).

To explain these results, we suggest a simple schematic
description. During growth there is a surface segregation
of In atoms and a local segregation in the plane causing
lateral inhomogeneities. The reduced temperature depen-
dence with increased In content shown in Fig. 2 can be
attributed to increased lateral segregation. This occurs
since the edge atoms on these islands can attain a lattice
parameter closer to that of the alloy before dislocations
form (compare with Fig. 5). The impinging In atoms
prefer to stick on top of growing islands since this is more
energetically favorable than incorporation at the more
strained lattice sites between the islands. During growth,
the Ga atoms prefer incorporation in a less strained layer
(the area between the nucleated islands), since this has a
lattice parameter equal to GaAs. Such segregation will
further increase the difference in lattice parameter be-
tween the islands and the fully strained layer. The varia-
tion of In content will thus cause a corresponding change

in strain along the surface in addition to the vertical
dependence. The driving force for this lateral segregation
will increase as the difference in lattice mismatch between
the strained layer and partly relaxed island increases.
For a higher In content, this Ineans that more In adatoms
are incorporated in the islands. This causes a further
strain reduction and the t3D will decrease with increasing
In content. A similar description of 3D growth has been
given before. It is difficult to estimate the degree of la-
teral segregation without access to high-resolution com-
positional analysis. The existence of surface segregation
in the In„Ga, ,As/GaAs system has been shown be-
fore. ' Recent work by Brandt et al. attributes the
surface segregation of In to strain-enhanced diffusion and
other groups have observed a strain-reduced growth rate
of highly strained material.

For high growth temperatures, T 560'C, the actual
In content is reduced due to a decrease in the sticking
coefficient. This was also observed in samples with
x =0.36, where t3D increased for temperatures above
570'C, see Fig. 2.

B. Photoluminescence

Photoluminescence spectra from quantum wells are
largely related to interface morphology, which in turn is
governed by the MBE-growth parameters. For thin
QW's with x =0.36—0.8, the PL emission was strong,
with narrow FWHM, indicating smooth interfaces.
However, the clear relation between measurement spot
and the peak position and shape, as shown in Fig. 1, indi-
cated a pseudosmooth interface. '" The change from
ideal 2D growth was initiated when the In„Ga& As
growth front became incomplete and island thickness
above one monolayer formed. When such average island
sizes are smaller than the exciton Bohr radius, the energy
position of the emission from the QW's will depend on
the illumination spot and, consequently, the confinement
potential for the exciton varies across the sample.

As expected, the FWHM was independent of film
thickness until it exceeded a certain value. Here, the
peak intensity was still high but the FWHM suddenly in-
creased by a factor of 2 to 3. Hence, a QW exhibiting
this behavior does not contain misfit dislocations which
reduces the PL intensity by several orders of magnitude
and redshifts the peak energy. The sudden change can
therefore be attributed to the onset of three-dimensional
island formation.

As has been shown by TEM investigations, 3D is-
lands have a lateral size of approximately 250 A, for a
nominally 30-A-thick Ino 36Gao 6/As layer. When the la-
teral size of the island exceeds the exciton Bohr radius
(180 A for Ino ~Gao ~As), at least two peaks can be
resolved in the spectra. In Fig. 1 the emission at 1373.1
meV, curves (b) and (c), corresponds to excitonic recom-
bination between carriers confined within islands and the
peak at 1412.3 meV is from the "normal" QW areas be-
tween islands. At low excitation intensity the carriers oc-
cupy states within the islands since these have the lowest
confinement energy. Increasing the laser intensity, these
states saturate and the carriers occupy states in the
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homogeneous layer. This part of the layer is thinner and
therefore has a larger confinement energy than states re-
lated to island areas. The variation of the emission with
excitation intensity is a typical feature after the onset of
3D growth. Earlier investigations also show that t3D
measured by TEM and PL exhibits a one-to-one
correspondence. For high excitation intensity and when
the lateral island size is close to the exciton Bohr radius,
emission originates from both islands and areas between
them resulting in a very broad peak due to overlap from
several peak energies.

C. ReAection high-energy electron diffraction

A change of lattice parameter will result in a corre-
sponding change in spacing between the streaks in a
RHEED pattern. Hence, such a change indicates either
a deformation of the lattice due to dislocation generation
and multiplication or the onset of 3D growth. As shown
in Fig. 3(a) there is a gradual change from the strained to
the fully relaxed lattice. Earlier RHEED studies' ' re-
vealed similar findings. A model for relaxation via plastic
How to describe this behavior was developed by Dodson
and Tsao ' (DT) for the Si Ge, /Si system. Based on
calculations of the DT model, the activation energy for
the dislocation glide for InQ36GaQ{)4As/GaAs was es-
timated to be 3.9 eV which is larger than theoretical pre-
dictions ' but close to earlier results. ' As seen in Fig.
3(a) the fit between calculated and experimental results
are poor. The calculation is described in detail in the Ap-
pendix. The high value for the activation energy for
dislocation glide, the discrepancy between calculations
and experimental results, and the number of fitting pa-
rameters indicates the limitations of the model to de-
scribe the detailed physical events when dislocations are
formed.

We believe that the change in RHEED pattern is not
only related to the formation of dislocations but also to
the presence of strained islands and their shape as illus-
trated in Fig. 5. The edge atoms can adjust the lattice pa-
rameter close to that of the alloy without forming dislo-
cations. After the 3D growth is nucleated, the material
growing on top of the islands becomes less strained com-
pared to a complete and strained layer. Due to surface
segregation there are enough In atoms available for this.
Thus, RHEED detects a change in lattice parameter be-
fore the structure relaxes since the electron diffraction is
influenced in part by the lattice parameter of the islands.
The thickness connected to dislocation formation, tz;„
cannot, therefore, be t„.

In addition, the extent of relaxation is connected to the

layer thickness. Full relaxation of the lattice is not neces-
sarily attained even after the formation of disloca-
tions. Determination of tz;, from RHEED measure-
ments is therefore dificult and can only be restricted to
the area between the lines t„and t,2 in Fig. 3(b).

D. Critical layer thickness

It is evident that lattice mismatched films grow in the
Stransky-Krastanov mode. After initial condensation of
2D monolayers, there is an onset of 3D growth. This was
detected by RHEED and corresponds to t„in Fig. 3(b).
During single kink and half loop dislocation formation
the lattice relaxes, which happens between lines t„and
t, 2 in Fig. 3(b). According to Matthews, ' single kinks
are formed from threading dislocations which glide at the
interface. These single kinks are created when the misfit
strain force exceeds the line tension force which acts to
prevent the formation of misfit dislocations. However,
because of the low initial density of threading disloca-
tions present in the substrate material (10 —10 cm ), it
is not realistic that single kink formation is the only re-
laxation process. A second process comes from the
creation of half loops at the growth front. When a half
loop expands it forms a misfit dislocation line at the
lower In Ga, „As/GaAs interface and causes a relaxa-
tion of the lattice. If a GaAs cap is applied and the sum
of the line tension forces is greater than the misfit strain
force, the single kink will be pulled back resulting in
coherent interfaces between the layers. On the other
hand, if the misfit strain force in an embedded layer
should exceed the line tension forces, a double kink will
be formed. Under similar conditions, half loops can an-
nihilate by the formation of paired dislocations, which is
also described by MB. ' Hence, the difference between
CLT values measured by RHEED and by PL depends to
a certain degree on the separate dislocation mechanisms
present in surface and embedded layers. However, this
does not explain when the PL measurement fails to indi-
cate the initiation of the 3D growth which according to
the RHEED measurements gives t„(t30.We believe
that the islands created at t, &

are smaller than the Bohr
radius of an exciton. As the island size increases with
layer thickness, the GaAs/In„Ga, „Asinterface adopts
a wavelike shape giving rise to the t30 measured by PL.

The RHEED measurement at 490'C showed a higher
CLT than PL, which we refer to difticulty to exactly
judge when the lattice relaxation occurs. As can be seen
in Fig. 3(a) the change is not as abrupt as for higher tem-
peratures.

K. Calculation of the critical layer thickness

Iaitial surface

FIG. 5. A schematic illustration of the Stransky-Krastanov
growth mode with strained islands. The edge atoms can attain a
larger lattice parameter than that of GaAs without creation of
dislocations. Both shape and symmetry have been exaggerated
for the purpose of clarity.

During the last two decades several models for the cal-
culation of the critical layer thickness have been pro-
posed. The following section describes and evaluates
some of these. Models by Matthews' for surface layers.
Matthews and Blakeslee' for embedded layers, Tsao and
Dodson ' (TD) and Price ' consider a lack of force bal-
ance as responsible for the relaxation phenomenon. A
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similar approach was adopted by People and Bean but
they considered an energy balance. In order to compare
and establish under which conditions these models are
valid, we have calculated td;, from them. The results are
presented in Fig. 6 and 7.

The model of Matthews describes dislocation mecha-
nisms in a case where the misfit energy is shared between
strain and dislocation generation. The different disloca-
tion mechanisms were described in Sec. IVD. Mechani-
cal equilibrium is maintained by two opposing forces, the
line tension force and the strain force, expressed as

1000 ~

100-

Price model

X Our Data 4,
'x=0.3

5)

2p, (1+v)
bhbh c cosA,

(1—v)

10
480 500 520 540 560
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580

FI= (1—vcos a) ln —+1pb 2 h

4'(1 —v) b
(2)

b (1 —vcos a) "c
ln

8rrE (1+v)cosA, b
(3)

Similarly, a critical criterion for double kink formation
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FIG. 6. The critical layer thickness as a function of In con-
tent calculated by three different models. Single kink disloca-
tions are presumed in both the model of Matthews and the TD
model. The curve representing the TD model is valid for struc-
tures grown at 490'C where o.„,/p =0.06.

where F, and F& is the strain and line tension force, re-
spectively, p is the shear modules, b is the magnitude of
the Burgers vector (=4 A), v is Poisson's ratio (=0.3), a
and A, are different angles to describe the geometry of the
dislocation and are set at 60, c is the value of strain, and
h is the thickness of the strained layer. In a surface layer
single kinks form when F, &FI. An expression for the
critical layer thickness can thus be formed by setting
F,=FI which yields

FIG. 7. The critical layer thickness as a function of growth
temperature. The crosses and triangles represent our and
Berger et al. 's (Ref. 17) experimental data, respectively. The
solid line is a calculation from Price model assuming an activa-
tion energy for dislocation glide of 2.5 eV. The Tsao and Dod-
son model (dotted line) is temperature dependent up to 510 C
where o,„,/p =0 which corresponds to the value from the mod-
el by Matthews.

(MB model) in embedded structures is obtained by setting
F, =2FI. The critical layer thickness for the single kink
is shown in Figs. 6 and 7. We have, in an earlier paper
shown the ability of the MB models to agree with experi-
mental results and become a guideline in the design of
strained In„Ga, „As/GaAs heterostructures. However,
neither the model of Matthews nor the MB model depend
on growth temperature, and as indicated in Fig. 7, they
are valid only for structures grown at approximately
510'C. In addition, the difference between the models
and experimental results increases for structures with a
lattice mismatch below =2%.

For lower growth temperatures, both TD (Ref. 21) and
Bean et al. found larger t„;,than predicted by theory.
Whaley and Cohen' showed that the lattice parameter
for an In Ga& „As/GaAs heterostructure grown at
470'C relaxed upon heating to the same values as for
films grown at higher temperatures. An explanation of
the phenomena was provided by Bean et al. , who sug-
gested the existence of a kinetic barrier at low growth
temperatures, preventing dislocation formation and/or
migration (metastable structures). To account for the
metastablity, TD (Ref. 21) developed a model based on
the MB model. According to TD the difference between
the misfit strain and line-tension forces is the excess force.
By normalizing this relation to the thickness of the
strained layer an excess stress o.„,was obtained. If o.„,
is below or equal to zero, the structure is stable, other-
wise it is either metastable or relaxed. Hence, the excess
stress may be defined as the driving force for relaxation of
the lattice via dislocation generation. A more elaborate
definition of the excess stress has been given in a recent
paper by Freund and Hull. The expression for the ex-
cess stress in a single kink (SK) dislocation is
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where F, and F& are the strain and line-tension forces de-
scribed in Eqs. (I) and (2). The term F, =l b sin60',
which represents the tension in a surface step, becomes

0
important when the layer thickness is below 50 A. The
surface energy represented by the factor I is of the order
1 J m in analogy with the assumptions made in Price' s
paper. Good fits were obtained in the range U =2.8+0.5

with /3=60' assuming 60 mixed dislocations and the oth-
er symbols have their usual meaning. The factor 4 in the
logarithm is an approximation and represents the core
cutoff parameter that takes the core dislocation energy
into account. Fitting this model to the experimental re-
sult from the structure grown at 490'C reveals a value of
0.„,/p of =0.06. In Fig. 6 the calculated td;, using the
TD model is shown assuming o.„,/p=0. 06. Note that
this curve is valid only for surface layers grown at 490 C.
Trying to fit the model to structures grown above 510 C
gives negative values to the excess stress which is unphys-
ical and indicates that the calculated td;, is larger than
the measured one. This may be a consequence of the
inAuence of dislocations on surface and interfacial ener-
gies which will be important for thinner layers. An er-
ror was also introduced in the model when the excess
stress was obtained by normalizing the excess force with
the thickness of the material above the interface assum-
ing an atomically Aat surface. Due to 3D growth, the
thickness of the material above the interface varies from
place to place, which causes the strain to depend on posi-
tion (see Fig. 5). In Fig. 7 the curve representing the TD
model is given only for temperatures above 510 C by set-
ting o.,„,/p to zero which gives a value of the td;,
equivalent to the model by Matthews. The limitation of
this model is clearly that no theoretical expression exists
for o.,„,/p. Hence, any temperature dependence can be
obtained at least for temperatures below 510'C. Limita-
tions of this model have also been pointed out by Dirgo
et al."

A model which provides the best agreement with our
experimental results was recently presented by Price. '

Built on the work by Matthews and co-workers' ' it ac-
counts both for the temperature and strain dependence of
td;, by introducing a "frictional force, " F&. This force
represents the friction created when dislocations glide at
the interface and is expressed by F, = Ah exp(U/kT)
The energy U is the activation energy for dislocation
glide and is close to the Peierls energy, 3 is a constant
and the other symbols have their usual meaning. Includ-
ing forces for strain, line tension and surface step tension
we have the following equation for mechanical equilibri-
um:

1.66X10 '
h, = ln (6)

with the usual meanings of the symbols. As indicated in
Fig. 6 the model cannot predict td;, for a strain higher
than 4%%uo and it lacks a temperature dependence.

F. Hall measurements

We expected that a large variation in growth tempera-
ture should change the incorporation of impurities and
defects which in turn would inhuence the transport prop-
erties. The room-temperature electron mobility for thin
InAs layers grown on GaAs is dominated by phonon and
dislocation scattering. ' As the measurement tempera-
ture is reduced the mobility becomes governed by ionized
impurity and piezoelectric scattering. The transition oc-
curred around 80 K where our InAs also showed the
highest mobility, as seen in Fig. 4(b). However, the dras-
tic reduction in mobility with decreased growth tempera-
ture, from 520 C to 490 C shown in Fig. 4(a), cannot be
explained as a result of increased phonon and/or disloca-
tion scattering. It has been shown that a critical relation-
ship R, exists between the As4 and In partial pressures
for a given growth temperature (R, p~, /p, „).A devia-

4

tion from the ideal R, results in an As-rich or As-
deficient growth front, with a subsequent reduction in
mobility. All Hall samples, except the sample grown at
525'C, were grown with the same As2. In Aux ratio. Sam-
ples grown at lower temperatures have a reduced mobili-
ty, since they were further away from the ideal As:In Aux
ratio (the surface was exposed to excess arsenic) than
samples grown at higher substrate temperatures. It is
also reasonable to assume a higher incorporation of im-
purities at low temperatures, which act to reduce the mo-
bility further. The low 300 K mobility for the sample
grown at 525 C is taken as an indication of partial In nu-
cleation (As deficiency), since this sample was grown in
the vicinity of the (4X2) reconstruction.

V. CONCLUSION

We have demonstrated a relation between CLT and the
growth temperature in a number of In Ga& As/GaAs

eV and lnA = —51+9. The curve in Fig. 7 is obtained
with U=2. 5 eV. It is in reasonable agreement with mea-
surements of the activation energy for the dislocation
glide in In-doped GaAs (Ref. 57) and better than the re-
sult obtained by the DT model (see the Appendix). A
striking feature of the Price model is shown in Fig. 7
where t„;,rapidly increases towards infinity for growth
temperatures below 490'C. This has not been proven ex-
perimentally.

Generation of misfit dislocations have in the previously
described models been determined by the mechanical
equilibrium of existing threading dislocations and the nu-
cleation of half loops. A different approach was adopted
by People and Bean who assumed that misfit disloca-
tions are formed when the areal strain energy density
exceeds the energy density connected to a screw disloca-
tion. For In„Ga, As layers grown on GaAs we have
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APPENDIX: TIME-DEPENDENT RELAXATION
OF STRAINED STRUCTURES

Based on a model by Alexander and Haasen, further
developed by Dodson and Tsao ' (DT), results from the
RHEED measurements were used to predict td;, and also
to calculate an activation energy for dislocation glide.
Such an approach was earlier adopted by Whaley and
Cohen' and revealed an activation energy of 4.4 eV for
In() 33Gao 67As/GaAs heterostructures.

In the DT model the time-dependent strain relaxation
is described with a differential equation

=C[fo y(t) r(h)—] [y(t)—+yo], (A 1)

where

[a (r) —ao]y(t)=
ao

(A2)

Here, a (t) is the relaxed and ao the unrelaxed lattice pa-
rameter, yo represents a background source for disloca-
tions, and C is the relaxation coefficient. The relative
difference in lattice parameter between substrate and un-

structures with x ranging from 0.36 to 1. The CLT,
defined as the largest thickness of a strained, defect-free
layer with sharp interfaces, was measured by RHEED
and PL. Both techniques gave a similar trend; an in-
creasing CLT with reduced growth temperature. A
difference between the CLT values measured by PL and
RHEED was explained in terms of different dislocation
mechanisms acting in surface and embedded layers. Both
phenomenological models and theoretical models were
used to describe and predict td;, . The best fit to our ex-
perimental results was obtained using the recently pro-
posed model by Price. ' The mobility was found to de-
crease with reduced growth temperature, which was at-
tributed to increasing concentrations of impurities and
defects.

strained layer is expressed by f0 =r(h, ) where h, is the
critical thickness according to MB, ' ' and r(h) is the re-
sidual strain at equilibrium

1 1 —vcos P
4~ 1+v

4h
ln

(A3)

where b is the magnitude of the Burgers vector (slip dis-
tance), v is Poisson's ratio (v=0. 3), h is the thickness of
the strained layer, and /3 defines the dislocation orienta-
tion. The present model incorporates two variables
which each can be adjusted to obtain a fit to the experi-
mental data. Varying yo gave only small changes and
was fixed to 3X10 . A variation of the only remaining
variable, the relaxation coefficient C, did not enable a fit
to the experimental data. We found that the model could
describe the experimental results best by setting r(h) to
50% of the result from Eq. (A3).

Assuming that the model is correct this implies either
an incapability of RHEED to see the early stages of re-
laxation or that the expression for the residual strain at
equilibrium is not correct. We have not been able to find
any support in the literature for such limitations of
RHEED. The latter implication concerning limitations
in the expression for the residual strain is supported in a
paper by Dirgo et al. ' However, their experimental
findings do not support the DT model.

The solid curves in Fig. 3(b) were calculated to fit the
experiment for different growth temperatures assuming
that 5y(t)/5t =5y(h)/5h *R, where R is the growth rate.
It was not possible to obtain a good agreement for the
layers grown at 570'C and 590 'C without a further
reduction of the r (h) factor, below 50%. As can be seen
from Fig. 3 the fit was best at the beginning of the relaxa-
tion process. A better fit close to the commencement of
the totally relaxed part of the curve could be made at the
expense of the good fit at the onset of relaxation. In this
case it was obtained much earlier than the experiment
showed and was therefore avoided.

A number of different C parameters were obtained by
fitting the model to experimental results. The activation
energy for the dislocation glide U could be extracted
since C —exp( —U/kT). This gave U =3.9 eV. This is
lower than the 4.4 eV calculated by Whaley and Cohen'
but still above theoretical estimations ' and other ex-
perimental results. '
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