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Surface roughness in InGaAs channels of high electron mobility
transistors depending on the growth temperature: Strain induced
or due to alloy decomposition
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InAlAs/InGaAs/InP based high electron mobility transistor devices have been structurally and
electrically characterized, using transmission electron microscopy and Raman spectroscopy and
measuring Hall mobilities. The InGaAs lattice matched channels, with an In molar fraction of 53%,
grown at temperatures lower than 530 °C exhibit alloy decomposition driving an anisotropic
InGaAs surface roughness oriented along@11̄0#. Conversely, lattice mismatched channels with an
In molar fraction of 75% do not present this lateral decomposition but a strain induced roughness,
with higher strength as the channel growth temperature increases beyond 490 °C. In both cases the
presence of the roughness implies low and anisotropic Hall mobilities of the two dimensional
electron gas. ©1998 American Institute of Physics.@S0021-8979~98!01612-0#
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I. INTRODUCTION

A basic research into the growth of layers in pseudom
phic high electron mobility transistor~HEMT! is of great
interest in order to avoid well nonuniformities that could le
to a deterioration of the device performance. Concerning
In composition in the InGaAs channel and hence system m
match, a three-dimensional~3D! growth mode can take plac
not only because of stress induced roughening in hig
strained layers but also because of the alloy lateral s
decomposition. Besides, the channel growth tempera
(Tg) is also critical for the determination of the onset
plastic relaxation and for the growth mode transition fro
two- ~2D! to three-dimensional growth modes as a mec
nism of strain accommodation. LowTg may allow to extend
the critical thickness range, because of thermodynamics
teria, but highTg favors the kinetics of the process enhan
ing adatom migration, leading to a smooth growth front. T
structural quality of InGaAs wells can also be affected by
presence of inhomogeneities in the InAlAs buffer lay
which can propagate through the well. The origin of the
inhomogeneities has been related to a mechanism of In
regation occurring during the growth of the buffer at re
tively high Tg .1

In this work we have investigated by transmission el
tron microscopy~TEM! and Raman spectroscopy InAlAs
InGaAs/InP HEMT heterostructures grown by molecu
beam epitaxy~MBE!. Our interest has been focused on t
effects of channel growth temperature in the rangeTg

5470– 530 °C, for well compositionsxIn553% and 75%
and well thicknesstw510 nm on the development of three

a!Electronic mail: paqui@iris1.fae.ub.es
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dimensional growth modes being strain induced or driven
InGaAs lateral decomposition. We correlate the tw
dimensional electron gas~2DEG! Hall mobility ~m! with
TEM results to explain the degradation and anisotropy of
2DEG mobilities.

II. EXPERIMENTAL DETAILS

The configuration of HEMT devices is from bottom t
top: 400 nm of an InAlAs buffer layer over the InP substra
a channel system consisting of 40 nm of a prechannel
GaAs layer~lattice matched! and an InxGa12xAs channel
with thicknesstw , 5 nm of an InAlAs spacer layer, a delta
doped Si donor layer (631012 cm22), 20 nm of an InAlAs
Schottky barrier and finally, a cap layer of 10 nm undop
InGaAs. To study the effect of channel growth temperat
(Tg) on the electrical properties of the HEMTs, two series
HEMTs have been studied: the first set of samples hav
channel system with a total thickness of 50 nm and co
pletely lattice matched, whereas for the second set, the c
nel system consists of 40 nm of a lattice matched InGa
subchannel and a strained well withxIn575% andtw510
nm. In both sets, the channels were grown in the range f
470 to 530 °C.

The details of sample growth and HEMT electrical cha
acterization have been described elsewhere.2 The 2DEG mo-
bilities were investigated by Hall measurements carried
on bridge-shaped Hall bars along the@110# and@11̄0# crystal
directions. In the present work we correlate the anisotropy
Hall mobility with the presence of a surface roughness
investigated by TEM. TEM observations were carried o
using a Hitachi H-800NA operated at 200 kV. Raman sp
troscopy measurements have been done on beveled he
structures to avoid problems of top layer absorption. Bev
7 © 1998 American Institute of Physics
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ing was made by mechanical polishing, using the polish
setup from a commercial SSM spreading resistance pr
system. Pieces of the samples were mounted with wax
tilted holders having the desired bevel angle. Then,
samples were polished with fine diamond abrasive in an
based slurry and frosted glass plate. Since the bevel a
used was very low, just 0° 348, the polishing revealed as fre
surfaces the different layers of the heterostructure, with
eral dimensions wide enough for Raman spectra of the
GaAs channel to be obtained without a contribution from
InAlAs spacer layer or from the InAlAs buffer. The expose
surface of the InGaAs channel was 5mm wide, much larger
than the 0.5mm of the laser probe. Room temperature R
man spectra were obtained using the 514.5 nm emission
of an Ar-ion laser in backscattering configuration.

III. RESULTS AND DISCUSSION

As shown in Fig. 1, the value of Hall mobility is strongl
dependent on the growth temperature of the channel, bo
lattice matched and in mismatched samples. In both case
has been reported in previous works,2,3 there is an aniso-
tropic behavior in the mobility dependence, them @110# be-
ing more sensitive to the growth temperature and alw
presenting smaller values than in the perpendicular direct
However, there is a significant difference in the temperat
influence: whereas the mobility of lattice matched samp
increases with the channel growth temperature, it decre
in lattice mismatched samples. When correlating these
sults with the structural characteristics obtained by TE
techniques, an asymmetric distribution of stacking faults
the two ^110& slip systems is also noticeable, with a me
densityrSF around 107 cm22, whose origin is related to de
ficient substrate cleaning previous to growth.4 Nevertheless,
as shown in Fig. 2, the temperature dependence of the s
ing faults densities does not account for the evolution of
mobility values. Then, apart from the stacking faults, the
must be another significant contribution to the reduction
the mobility. In effect, the plan-view observations of the tw
series of samples, shown in Figs. 3 and 4, also reveal
existence of an anisotropic and quasiperiodic surface un
lation with hills and valleys alternating along the directio

FIG. 1. Dependence ofm @110# on channel growth temperature in lattic
matched and mismatched channels.
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@110# and the presence of a square-shaped contrast pa
oriented close to thê010& directions. In the case of lattice
matched samples~Fig. 3!, the study of the dependence of th
structural features with the temperature, show the follow
results:~i! the undulation becomes more evident as grow
temperature decreases belowTg5530 °C. ~ii ! in the sample
grown at the lowestTg , the short periodicity of this undula
tion ~'75 Å! leads to a splitting of the diffraction spots o
selected area diffraction patterns@see the inset of Fig. 3~a!#,

FIG. 2. Stacking fault density depending on the channel grow
temperature.

FIG. 3. ~001! Plan-view images of samples with lattice matched InGa
channel grown at~a! 470 °C exhibiting undulations alternating along@110#,
and ~b! grown at 530 °C, without any undulations.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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~iii ! the appearance of the square-shaped contrast pa
does not depend on the channel growth temperature.
same study of temperature dependence was carried ou
samples with lattice mismatched channel~Fig. 4!, obtaining
the following results:~i! higher strength of squared-shap
contrast asTg is increased;~ii ! higher strength of anisotropi
roughness~islands elongated to@11̄0#) as Tg is increased,
and preferentially linked to the coarse pattern or defect co
plexes. In both sets of samples, the evolution of surf
roughness with the temperature follows the same relation
than the Hall mobilities one. Although the presence of
surface corrugation explains both the dramatic decreasem
@110# but also them @11̄0# reduction, the different evolution
of m values with the temperature suggests that the origin

FIG. 4. ~001! Plan-view images of samples with lattice mismatched InGa
channel grown at~a! 480 °C,~b! 500 °C, and~c! 520 °C.
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the surface corrugation is different in lattice matched than
lattice mismatched samples. In order to further underst
this origin, we have examined the samples in cross-sec
orientation.

A. Surface corrugation in lattice matched samples

XTEM images of the lattice matched samples grown
lower temperature~Fig. 5!, show that there is a correspon
dence between the presence of lateral domains inside
InGaAs channel and the InGaAs top layer undulation, w
dark domains correlated with surface valleys and bright
mains with surface ripples. The origin of such lateral d
mains could be related to strain-induced lateral ordering
tensively reported for strained layers of semiconductors5,6

These previous studies have shown that the lateral comp
tion modulation acts as a strain relieving mechanism t
accommodates the mismatch between the epitaxial bu
layer and the substrate, depending on the growth temp
ture, substrate orientation, and layer-substrate mismatch6 In
the present work, however, we have some substantial dif
ences. First of all, we are dealing with a lattice match
channel system, and therefore, the lateral modulation sh
not have developed as a strain relieving mechanism. Sec

s

FIG. 5. @11̄0# cross section of the samples with lattice matched chan
grown ~a! at 495 °C, obtained withg5002 and~b! at 470 °C, image ob-
tained withg5220. In both cases lateral domains parallel to@001# are ob-
servable. The numbers correspond to: the InGaAs cap layer~1!, the InAlAs
donor and spacer layers~2!, the channel and subchannel lattice match
InGaAs ~3! and the InAlAs buffer layer~4!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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our samples have been grown on exact~001!-axis substrates
and hence, we do not have any steps at the interface
could develop the@001# columnar domains observed i
XTEM images. Finally, in these samples, we have obser
the lateral modulation with increasing strength in the lay
grown at lower temperature, whereas for strained layers,
decomposition was found to be thermally activated. All the
discrepancies can be explained if we take into account
the lattice matched samples, given the growth tempera
and layer composition range, are expected to present s
odal decomposition due to the thermodynamically predic
immiscibility gaps for most of the ternary and quaterna
III–V compounds.7 The spinodal decomposition arises fro
a balance between the entropy and enthalpy terms in ord
reach the minimum Gibbs free energy of the system. W
the compound is grown at low temperature, the entha
term dominates over the entropy term. Therefore, the sys
tends to reduce the state of bond strain separating the c
pound towards the respective binaries, and hence, redu
the total enthalpy term for alloy formation. Once the sp
odal decomposition in In- and Ga-rich regions starts,
preferential segregation of the adatoms towards the comp
sive or tensile regions is responsible for the continuation
the decomposition during the subsequent growth. The hig
growth rate in less strained regions, with respect to the
derlying lattice parameter, should develop surface roughn
during further growth. AsTg increases, the entropy term b
comes significant and then, a further reduction of the
thalpy is not essential to reduce the free energy.

This mechanism of spinodal decomposition explains
lateral modulation observed in our InGaAs lattice match
layers grown at this relatively low growth temperature (Tg

,500 °C) and the absence of lateral decomposition in
layer grown at higher temperature (Tg5530 °C). In order to
corroborate the presence of lateral composition domains,
man spectroscopy measurements have been done on be
heterostructures. This bevel was needed in order to overc
the problems related to light absorption of the cap and sp
layers when trying to work from the top of the HEMT. Th
exciting light penetration depth for these ternary compou
is arounda21540 nm, and taking into account the thickne
of the first layers, we would have obtained Raman spe
with very faint contribution of the region of interest. In ord
to test the possible contribution of the defects inside the
ers to Raman diffusion, first of all we analyzed the InAlA
buffers of the three lattice matched layers. Raman spe
exhibit LO frequencies corresponding to the InAs- a
AlAs-like peaks around 235 and 372 cm21, respectively,
without significant variations according to the defect dis
butions. Therefore, we assume that any possible differen
of the InGaAs channel spectra are related to the presenc
the lateral domains. These spectra are shown in Fig. 6~a!.
The dotted line below each spectra corresponds to the sp
fit and is shifted towards lower intensities for the purpose
clarity. Whereas in the channel grown at high temperat
LO InAs- and GaAs-like peaks are defined with frequenc
of 237 and 273 cm21, respectively, there is a shift of thes
peaks towards higher~respectively, lower! frequencies as
shown in Fig. 6~b!, in which the position of the peaks fo
Downloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject to A
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the sample grown at 530 °C has been taken as they-axis
origin. In addition, as growth temperature decreases,
InAs-like peak is less resolved which is indicative that t
composition is not well defined, as required if lateral mod
lations of composition are present, as recently suggeste
Mintairov et al.8

B. Surface corrugation in lattice mismatched samples

In the case of lattice mismatched samples, XTEM obs
vations reveal a three-dimensional growth mode of
strained well@Fig. 7~a!#. Furthermore, this undulation is no
induced by a decomposition of the InGaAs subchannel, si
the channel layer appears perfectly homogeneous. La
domains are not observed at all, neither forg5220 nor for

FIG. 6. ~a! Raman spectra of the lattice matched InGaAs channel for
ferent growth temperatures.~b! Shift of the main Raman peaks taking a
origin the frequency of the InAs-like peak and GaAs-like peak of the latt
matched channel grown at 530 °C.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 7. Cross sections along@11̄0# of the samples with lattice mismatched channel grown at 520 °C, obtained with~a! g5002 and~b! g5220. The numbers
correspond to: the lattice mismatched InGaAs channel~1!, the lattice matched InGaAs subchannel~2!, and the InAlAs buffer layer~3!.
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g5002. We can compare Figs. 7 and 5 to notice the abse
of lateral domains in these lattice mismatched layers. Th
results indicate that, in the presence of high lattice misma
the alloy decomposition does not occur, even at lowTg ,
demonstrating the fact that the pseudomorphic growth
strained layers may stabilize alloys otherwise subjected
alloy spinodal decomposition.7 Furthermore, comparing
Figs. 4~a!, 4~b!, and 4~c! we notice that highTg increases the
strength of 3D growth, preferentially observed around
square-shaped coarse pattern or the complex defects. In
vious works1,4 we have shown that both, coarse pattern a
defects, originate mainly at the InAlAs buffer layer/InP i
terface and propagate through the structure. The results
confirm that the contrast pattern is related to the presenc
composition inhomogeneities in the buffer layer induced
In segregation at high temperature, which propaga
through the whole structure. As proposed in Ref. 1, at l
Tg , the propagation of these buffer layer inhomogeneit
stops at the channel buffer interface. However, asTg in-
creases they could propagate inside the InGaAs channe
voring the 3D growth mode and leading to the reduction om
values.
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IV. CONCLUSIONS

The authors have shown that the degradation and an
ropy of Hall mobilities observed in HEMT structures wit
InGaAs channel grown at different temperatures are rela
to the evolution of a surface corrugation due to: alloy deco
position in lattice matched channels favored at lowTg or
strain induced in lattice mismatched channels favored at h
Tg .
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