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In this work, we study the growth of strained InxGa1−xAs alloys on InP by gas source
molecular-beam epitaxy in the 350–500 °C range. At low temperatures, we show that the As-rich
s233d surface reconstruction promotes three-dimensional growth mode whereas the less As-rich
s234d and cation-rich ones allow keeping two-dimensional growth. For heterostructures with a
lattice-matched InAlAs barrier and a strained In0.75Ga0.25As channel, grown at 500 °C, the electron
mobility rises to 16 000 and 139 000 cm2/V s at 300 and 77 K, respectively, for a 140-Å-
thick channel layer and a 400-Å-thick spacer layer. Both values are among the best ones ever
reported for an InGaAs/ InAlAs heterostructure. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1858871g

I. INTRODUCTION

High-speed microelectronics such as high electron mo-
bility transistorssHEMTsd or ballistic devices require low
electron mass/high-mobility active layers. Among III-V
semiconductors, high In contentsxInd InxGa1−xAs alloys have
long been recognized as materials of interest.1,2 This implies
either the pseudomorphic growth on InP substrates or the
metamorphic one on GaAs or InP substrates. We focus here
on the first approach. Previous work in this field studied the
detailed mechanisms of the pseudomorphic growth or re-
ported transport results on specific heterostructures. As re-
gards the strained growth, the two strain relaxation mecha-
nisms have been identified with their corresponding critical
thickness. Under As-stabilized conditions and for a growth
temperature around 500 °C, plastic relaxation occurs via dis-
location nucleation forxIn below 0.75–0.8. On the contrary,
elastic relaxation characterized by a two-dimensionals2Dd to
a three-dimensionals3Dd growth mode transition is detected
for xIn above 0.8.3–8 The effects of growth kinetics were also
evidenced. A reduction of the growth temperature allows an
increase of the critical thickness for a givenxIn while a
change in surface reconstruction can induce a change in the
relaxation mechanism.9 From these previous studies, there is
a general agreement to consider that the highestxIn which
allows the growth of a good quality pseudomorphic channel,
typically 10–15 nm thick, lies around 0.75. This is con-
firmed by the electron mobility results obtained forxIn

around 0.75.10–14 For InAlAs/ InxGa1−xAs heterostructures,
Tacano and co-workers10,11 have reported electron mobility
values of 16 000, 112 000, and 160 000 cm2/V s at 300, 77,
and 10 K, respectively, forxIn=0.8. For a slightly lowerxIn

of 0.75, Drouot et al.12 got 12 000, 110 000, and
170 000 cm2/V s at 300, 77, and 4 K, respectively. The
300 K electron mobility obtained by Nakayama and
Miyamoto13 reached 18 500 cm2/V s using a composite
channel made of a 13-nm-thick lattice-matched InGaAs layer

below a 7-nm-thick InAs one, although this latter thickness
is around twice the critical one for the growth of InAs on InP.
Unfortunately, the authors did not report any low-
temperature mobility value. Finally, Ramvallet al.14 mea-
sured a low-temperature mobility value at 170 000 and
520 000 cm2/V s at 77 K and 300 mK, respectively, forxIn

=0.75. In this case, the barrier material is no longer the
lattice-matched InAlAs alloy but InP.

In this context, the first goal of this work is to determine
to what extent a decrease of the surface kinetics via a low-
ering of the growth temperature can allow to further increase
xIn while avoiding strain relaxation of the active layer. Pre-
vious attempts have been restricted to growth temperatures
around 450 °C; we want to go further. The second objective
of this work is to study the effect of the structure parameters
such as the channel and the spacer thicknesses and the 2D
electron gas concentration on the transport properties, espe-
cially the electron mobility.

II. EXPERIMENT

Epitaxial layers are grown by gas source molecular-
beam epitaxysGSMBEd using cracked AsH3 in a Riber MBE
32 system. Growth rates in the 0.5–1 monolayersML ds range
and layer composition are determined by reflection high-
energy electron diffractionsRHEEDd intensity oscillations.
Strained InGaAs layers are grown on a 300-nm-thick lattice-
matched InAlAs buffer on InP grown at 510 °C under As-
rich conditionss231 reconstructiond. The substrate tempera-
ture is then lowered down to the desired growth temperature
of the InGaAs layer under an As flux. The onset of 3D
growth or surface roughening is detected by recording the
intensity of a 3D diffraction spot. After growth, the samples
are characterized “ex situ” by Hall-effect measurements at
300 and 77 K, atomic force microscopysAFMd, and photo-
luminescencesPLd.adElectronic mail: xavier.wallart@iemn.univ-lillel.fr
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III. RESULTS AND DISCUSSION

We first discuss RHEED and AFM observations during
the growth of a strained InGaAs layer at various tempera-
tures before considering the Hall-effect measurements on
heterostructures.

A. RHEED and AFM observations

We investigate anxIn range between 0.8 and 0.9 and
mainly focus on the effect of the lowering of the growth
temperature, here chosen between 350 and 450 °C. These
temperatures are lower than the usual one of 500 °C in order
to kinetically prevent the film relaxation as far as possible.
Indeed, previous works3,9 have clearly established that
around 500 °C, the critical thickness forxIn above 0.8 is
significantly less than 100–150 Å which is the typical thick-
ness of the active layer of a heterostructure. However, since
the strained InGaAs layers are grown on a lattice-matched
InAlAs buffer, it is worth looking first at the buffer surface
morphology. Figure 1 shows an AFM image of a
3000-Å-thick InAlAs buffer. The surface is very flat and
atomic steps are clearly resolved, separated by 500–1000
-Å wide terraces. We conclude that this is a good starting
surface for the growth of the strained layers and that the
relaxation processes further observed are uniquely related to
strain in the InGaAs layers.

In a first set of experiments, we choose a 1 SCCMsde-
notes cubic centimeter per minute at STPd AsH3 flow rate at
350 and 400 °C and a 1.5 SCCM one at 450 °C. In our
experimental conditions, 0.6 SCCM corresponds approxi-
mately to a 1 monolayer/s As impinging flux on the surface.
The corresponding RHEED pattern exhibits either a 233
reconstruction at 350 °C or a 234 one at 400 and 450 °C at
the beginning of the growth of the InGaAs strained layer.
Then this pattern progressively weakens and the 3D spot
intensity presents either a sharp increase, corresponding to
the 2D to 3D growth mode transition, or a slow increase,
corresponding to the surface roughening, the 2D growth be-
ing preserved. We then define two types of thickness:h3D in
the former case andhr in the latter one.H3D is related to the
usual critical thickness for the onset of elastic relaxation.
Gendryet al.3 have observed surface roughening before plas-
tic relaxation that they have detected by RHEED streak spac-
ing variations. More, they have shown that surface steps pro-
mote dislocation nucleation and reduce the critical

thickness.5 It suggests that surface roughening favors dislo-
cation nucleation at surface defects. In the same way, Peiroet
al.8 have noted a surface rippling with ripples along thef1
−10g direction preceding plastic strain accommodation along
the f1−10g one. Hence surface roughening could be consid-
ered as a precursor state andhr as a lower limit for plastic
relaxation. Figure 2 summarizes our results together with the
value forh3D at 500 °C andxIn=0.82 obtained by Gendryet
al.3,9 for comparison. We note that at 350 °C, the onset of
3D growth is always detected whereas at 400 °C, the growth
keeps its 2D character. At 450 °C, 3D growth is only ob-
served for the highest In content.

AFM observations for thickness ranging from
200 to 500 Å confirm these RHEED findings, as illustrated
in Fig. 3. At 350 °C, the formation of dots on the surface is
clearly visible fFig. 3sadg whereas at 400 °C, the cross-
hatched surface morphology, characteristic of plastic relax-
ation, is observedfFig. 3sbdg At 450 °C, the AFM images
stress the transition in the relaxation mode deduced from the
RHEED patterns. Indeed, forxIn=0.8, the surface morphol-
ogy is still 2D fFig. 3scdg whereas forxIn=0.9, 3D growth
occursfFig. 3sddg.

A striking point in Fig. 2 is that theh3D thickness at
350 °C is lower than thehr one at 400 °C, which is not
expected from the reduction of surface kinetics induced by a
growth temperature lowering. However, at 350 °C, the sur-
face reconstruction is different from that at 400 °C and this
could be the reason for this behavior. We then perform a
complementary set of experiments at 350 °C forxIn=0.85
with decreased AsH3 flow rates in order to tune the surface
reconstruction. We start with the above As-richs233d one,
go then to the less As richs234d, and end finally with the
cation rich s432d. For the two latter reconstructions, the
2D-3D transition is no longer detected in contrast to the 2
33 case. These resultssTable I and Fig. 4d evidence the role
of the surface reconstruction on the strain relaxation mecha-
nism. Clearly, an As-rich reconstruction favors the onset of
3D growth even at 350 °C which is a low growth tempera-
ture. On the contrary, in less As-rich conditions, 2D growth
mode is preserved and the critical thickness before the onset
of surface roughening is delayed. This is related to the sur-
face energy which is lower for an As-rich surface than for a
cation-rich one. Hence, on As-rich surfaces, strain relaxation

FIG. 1. AFM image of the 3000-Å-thick InAlAs buffer layer. FIG. 2. Critical thickness for the onset of 3D growth modesh3Dd or surface
rougheningshrd vs the In content of the strained InGaAs layer at different
growth temperatures and for two surface reconstructions. Theh3D value at
500 °C, taken from Ref. 9, is added for comparison.
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via 3D growth mode transition is favored since the energy
needed to create the related specific surface is low. This be-
havior has already been observed by Gendryet al.9 during
the growth of In0.82Ga0.18As at 525 °C on InP.

When used as an active layer of a heterostructure, the
strained InGaAs channel thickness should be in the
100–150-Å range, i.e., the associated critical thickness
should be higher than 150 Å. In light of the above results, it
turns out that the In content must be limited below 0.85. As
regards the substrate temperature, at 350 °C, the 233 recon-

struction favors 3D growth and hence the 234 one must be
preferred. However, even in this case,hr is not larger at
350 °C than at 400 °C although the surface kinetics is re-
duced. We attribute this to short-range roughening associated
with insufficient surface diffusion of impinging atoms at
350 °C. In other words, the growth temperature lowering
which is expected to delay strain relaxation reaches the limit
for which it impedes surface diffusion and hence induces
surface roughening. Then, depending on the surface recon-
struction, this surface roughening is a precursor state either

FIG. 3. AFM images of strained InxGa1−xAs layers withxIn=0.8 grown at
350 °Csad, 400 °Csbd, and 450 °Cscd andxIn=0.9 at 450 °Csdd. The film
thickness is 260 Åsad, 370 Å sbd, 500 Å scd, and 200 Åsdd.

TABLE I. Variations of h3D and hr versus growth conditions atTg

=350 °C s0.6 SCCM AsH3 corresponds approximately to an As flux of
1 ML/sd.

AsH3

sSCCMd
Surface

reconstruction
h3D

sÅd
hr

sÅd

1 233 50 ¯

0.6 234 ¯ 90
0.4 432 ¯ 135

FIG. 4. AFM images of strained InxGa1−xAs layers withxIn=0.85 at 350 °C
exhibiting a 233 reconstructionsad, a 234 one sbd, and a 432 one scd.
The film thickness is 120 Åsad, 340 Å sbd, and 440 Åscd.
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for 3D growth s233 cased or dislocation nucleation and
plastic relaxations234 and 432 casesd. Hence in the fol-
lowing, we do not consider anymore the 350 °C growth but
focus only on the 400 and 450 °C growth temperatures.

For Tg=400 and 450 °C andxIn around 0.85, RHEED
observations only provide the thickness for surface roughen-
ing. As discussed above, this is not directly a measurement
of the onset of plastic relaxation. Then, considering that we
are interested in 100–150-Å-thick active layers, we perform
complementary AFM measurements on four strained layers,
120 Å thick. Two of them are grown at 400 °C, withxIn

=0.88 and 0.85, the two others are grown at 450 °C with
xIn=0.85 and 0.82. For these four samples, the AFM images
are quite similar and look like that in Fig. 5. The surface
morphology is rather flat but characterized by the appearance
of line defects, not observed on the buffer layer surfacessee
Fig. 1d, related to the beginning of strain relaxation. Hence
the onset of plastic relaxation appears below 120 Å in these
cases. This in turn implies that the critical thickness for plas-
tic relaxation has been overestimated by the abovehr deter-
mination. Nevertheless, it does not imply that plastic relax-
ation occurs before surface roughening but that this latter
begins for thickness below those we have detected in Fig. 2.
This is probably due to the experimental uncertainty in the
determination ofhr since as previously mentioned, the 3D
spot intensity increase in this case is smooth. Anyway, this

suggests that plastic relaxation starts quite rapidly after sur-
face roughening which agrees well with the results of Peiro
et al.8

B. Heterostructures: Material parameters

We then complete the above analysis with Hall-effect
measurements on heterostructures. Figure 6 shows the typi-
cal layer sequence. In the first set, we grow 100-Å-thick
channel heterostructures withxIn=0.85 at 400 °C andxIn

=0.82 at 450 °C. According to the above results,
120-Å-thick strained layers have begun to relax. It is then
interesting to know how this early stage of relaxation affects
the electron mobility. In both cases, the spacer thickness is
400 Å and the delta-doping plane value is 231012 cm−2.
The Hall mobility results are displayed in Table IIsfirst two
linesd. The electron mobility is lower than expected in both
cases. In the second set, we then reduce the In content to 0.8
and perform the channel growth at 450 and 500 °C which is
the usual growth temperature for such structures. The results
are displayed in Table IIslines 3 and 4d and show that the
500 °C growth temperature is the best one. The measured
mobility value for xIn=0.8 andTg=500 °C is the best of
Table II although decreasingxIn is expected to induce a mo-
bility decrease, which is not the case here. This confirms that
the relaxation observed for layers withxIn=0.82 and 0.85
sFig. 5d is sufficient to affect significantly the electron mo-
bility. As regards the growth temperature, the unavoidable
growth interruption needed to lower the channel growth tem-
perature seems to be detrimental for the transport properties.

We then concentrate on heterostructures grown at
500 °C with two more samples withxIn=0.75 and 0.77. The
results are displayed in Fig. 7. ThexIn=0.8 sample is clearly
worse than the two others both at 77 and 300 K. Together
with the 10-K PL measurements in Fig. 8, this shows that the

FIG. 6. Typical vertical structure used for Hall-effect measurementssLM
indicates that the corresponding layer is lattice matched to InPd. Nd has been
varied from 631011 to 4.531012 cm−2.

FIG. 5. AFM image of a 120-Å-thick In0.82Ga0.18As layer grown at 450 °C.

TABLE II. Electron mobility results for structures grown atTg ranging from
400 to 500 °C with 0.8,xIn,0.85.

Sample
Channel

thicknesssÅd
m scm2/V sd

at 300 K
m scm2/V sd

at 77 K

Tg=400 °C/xIn=0.85 100 10 700 27 900
Tg=450 °C/xIn=0.82 100 10 700 32 700
Tg=450 °C/xIn=0.80 120 13 900 59 900
Tg=500 °C/xIn=0.80 120 15 000 81 900

FIG. 7. Electron mobility for 120-Å-thick channel heterostructures grown at
500 °C for various In content at 300 and 77 K.
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channel layer plastic relaxation has already occurred. Indeed,
the PL intensity of thexIn=0.80 sample is lower than that in
the two other ones, demonstrating a high dislocation density
in the channel. On the contrary, the total integrated intensity
is quite similar forxIn=0.75 and 0.77 although the PL peak is
broader in the latter case. This broadening could be related to
the surface roughening occurring forxIn=0.77. This only
slightly degrades the electron mobility. The effective mass
decrease when going fromxIn=0.75 toxIn=0.77 compensates
this effect in such a way that the electron mobility is similar
in both cases. This picture at a fixed thickness for increasing
In content is complementary to that obtained at a fixed In
content and increasing thickness. In both cases, starting with
almost ideal pseudomorphic growth, when increasing either
the In content or the thickness, the sample surface first
roughens before dislocations nucleate and plastic relaxation
takes place.

C. Heterostructures: Effect of structure parameters

The above results on heterostructures indicate that the
best electron mobility is achieved forxIn=0.75 and a growth
temperature of 500 °C. Within these growth conditions, we
have then tested the effect of three structure parameters, i.e.,
the 2D electron gas densitysNsd, the spacer, and the channel
thickness, on the electron mobility.

The variations of the electron mobility with the sheet
carrier densitysNsd are reported in Fig. 9sad. We use struc-
tures with a 120-Å-thick channel and a variable Si delta-
doping plane from 631011 to 4.531012 cm−2. For the three
lowestNs values, we use a 400-Å-thick spacer layer whereas
for the highest value, the spacer is 200 Å thick. We observe
an increase of the electron mobility towards a sheet carrier
density of 831011 cm−2 although the interaction between
ionized impurities and the electron gas increases with larger
delta-doping planes. This is attributed to many-body effects
in the 2D electron gas which result in a screening of the
various scattering mechanisms. This screening is more effi-
cient at relatively large densities. Above 831011 cm−2, the
observed saturation can be due to alloy scattering which
tends to be the dominant limiting factor of the mobility14

and/or to the reduced spacer thickness used for the highestNs

value. Nevertheless, withNs=1.6531012 cm−2, we get an
electron mobility of 15 700 and 129 000 cm2/V s at 300 and

77 K, respectively. These values lead to a very interesting
Nsxm product which is the relevant quantity for most device
applications.

Figure 9sbd show the increase of the mobility with the
spacer thickness. These results are measured on structures
with 120-Å-thick channel layer for which the sheet carrier
density is above 831011 cm−2. The observed evolution is
expected since the interaction of the 2D gas electrons with
the remote ionized impurities decreases with the spacer
thickness. However, above 200 Å, the mobility saturates, in-
dicating that scattering by the ionized donor is not the limit-
ing factor anymore. Indeed, at 77 K, once again, alloy scat-
tering has to be considered as the preponderant limiting
factor for the mobility.

The variations of the mobility with the channel thickness
are depicted in Fig. 9scd for heterostructures with a
400-Å-thick spacer layer and a 231012 cm−2 Si delta-doping
plane. The mobility improvement observed towards 140 Å is
due to a reduction of interface scattering with increasing
thickness. Above 140 Å, the mobility does not increase any-
more: this can be attributed to saturation of the previous
mechanism as well as to surface roughening and/or the very
beginning of plastic relaxation. Under these conditions, the

FIG. 8. 10-K photoluminescence spectra recorded on 120-Å-thick channel
heterostructures grown at 500 °C.

FIG. 9. Electron mobility at 300 and 77 K vs sheet carrier densitysad,
spacer thicknesssbd, and channel thicknessscd, for heterostructures with
75% In content channel.
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best mobility values we get are 16 000 and 139 000 cm2/V s
at 300 and 77 K with a correspondingNs value of 8.5
31011 cm−2. To our knowledge, these values are among the
best ones ever reported for AlInAs/GaInAs heterostructures
grown by MBE. Nakayama and Miyamoto13 have reported a
higher room-temperature mobility of 18 500 cm2/V s with a
rather highNs of 3.131012 cm−2 but no 77 K results. Ram-
vall et al.14 got 16 000 and 170 000 cm2/V s at 300 and
77 K, respectively, withNs around 6.531011 cm−2 on metal-
organic chemical-vapor depositionsMOCVDd-grown hetero-
structures using a 90-Å channel layer and InP as spacer and
barrier material. Since the conduction-band offset at the
InP/ InGaAs heterojunction is lower than that at the
InAlAs/ InGaAs one, interface roughness, even if similar in
both cases, will induce lower electron-scattering effects in
the InP/ InGaAs case. More, the part of the electronic trans-
port occurring in the barriersdue to the unavoidable electron
wave-function penetration in the barrierd takes advantage of
the higher electron mobility of InP with respect to InAlAs,
especially at 77 K since InP is a binary compound. We think
that both effects can account for the higher value reported by
Ramvallet al.

IV. CONCLUSION

This study shows that the reduction of surface kinetics
via growth temperature lowering does not allow increasing
significantly the In content of the active layer of devices.
More, it evidences the role of surface reconstruction on the
strain relief mechanism for a growth temperature of 350 °C.
Using the best growth temperatures500 °Cd and the highest
possible In contents0.75d, we study the influence of the
structure design on the electron mobility which reaches
16 000 and 139 000 cm2/V s at 300 and 77 K, respectively,
with a correspondingNs of 8.531011 cm−2 for an optimized

structure. These values are among the best reported for the
InGaAs/ InAlAs system. If theNsxm product is the most rel-
evant quantity, we show that a 200-Å-thick spacer layer to-
gether with a 4.531012 cm−2 Si delta-doping plane allow to
significantly increaseNs s1.6531012 cm−2d while keeping a
high electron mobility.
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