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Improved synthesis of „In,Ga…NÕGaN multiple quantum wells
by plasma-assisted molecular-beam epitaxy

Oliver Brandt,a) Yue Jun Sun, Hans-Peter Schönherr, and Klaus H. Ploog
Paul-Drude-Institut fu¨r Festkörperelektronik, Hausvogteiplatz 5-7, D-10117 Berlin, Germany

Patrick Waltereit, Sung-Hwan Lim, and James S. Speck
Materials Department, University of California Santa Barbara, California 93106

~Received 4 March 2003; accepted 5 May 2003!

We present a simple strategy that minimizes the impact of surface segregation of In during the
growth of ~In,Ga!N/GaN multiple quantum wells by plasma-assisted molecular-beam epitaxy and
simultaneously results in abrupt interfaces. The two ingredients of this strategy are~i! the use of a
higher substrate temperature than commonly employed, that is, well above the In desorption point
and~ii ! the use of a modulated stoichiometry, that is, N-rich during growth of the well and Ga-stable
during growth of the barrier. ©2003 American Institute of Physics.@DOI: 10.1063/1.1590428#
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The growth of~In,Ga!N films by both molecular-beam
epitaxy ~MBE! and metalorganic vapor phase epita
~MOVPE! has been the subject of numerous investigatio
Most of these studies were focused on the fact that~In,Ga!N
exhibits a miscibility gap and is thus, from a thermodynam
cal point of view, subject to spinodal decomposition into In
and GaN.1 In fact, even in the kinetically restricted environ
ments of MBE2 and MOVPE,3 evidence of bulk segregatio
of In has been reported. The resulting compositional fluct
tions within the layer have been demonstrated to have
found consequences for the optical properties of
material.4

However, a potentially even more significant pheno
enon has been scarcely paid attention to; namely, In sur
segregation.5,6 Recent work of some of the present autho
has shown In surface segregation to be unexpectedly st
for the desired metal-stable growth conditions and to
verely distort the intended compositional profile of, for e
ample,~In,Ga!N/GaN quantum wells~QWs!.6 This distortion
may lead to a strong blueshift~several 100 meV! of the spon-
taneous emission from the QW as well as to a rather d
matic reduction of the overlap integral. Furthermore, In s
face segregation has been found to proceed via a ze
order mechanism and thus to limit the In content of the la
to about 15% at a substrate temperature of 580 °C. N-
conditions suppress In surface segregation to some ex
but inevitably result in a roughening of the growth fron
particularly for multilayer structures such as multiple qua
tum wells ~MQWs!.

Furthermore, it is intuitively plausible that In surfac
segregation may not be entirely reproducible from well
well, and may lead thus to fluctuating well widths in a MQW
Indeed, depth-resolved cathodoluminescence measurem
have demonstrated a fluctuation in emission energies f
well to well, and the linewidth of our MQWs grown unde
standard conditions is, consequently, larger than that of
corresponding single quantum wells~SQWs! by as much as
20–40 meV.7 It is noteworthy in this respect that MOVPE

a!Electronic mail: brandt@pdi-berlin.de
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grown ~In,Ga!N/GaN MQWs so far exhibited significantly
narrower emission linewidths than their MBE counterpart8

despite the fact that they are grown at higher temperatu
which are expected to facilitate bulk segregation and t
stronger compositional nonuniformity.

In this letter, we present a simple growth recipe th
resolves these conflicts. First, instead of attempting to kin
cally counteract In surface segregation by employing a lo
growth temperature, we rather encourage it by using a h
growth temperature, well above the In desorption point. T
strategy is essentially a different flavor of theflash offpro-
cedure established for~In,Ga!As/GaAs structures.9 Second,
we employ a modulated stoichiometry~N-rich during growth
of the well, Ga-stable during growth of the barrier! to ensure
that the individual interfaces are kept abrupt throughout
growth of the multilayer structure. These two remedies co
bined are implemented here by two groups~PDI and UCSB!,
using different MBE systems and substrates. The succes
our method, and its independence of MBE system and s
strate, is demonstrated by high-resolution x-ray diffracti
~XRD!, cross-sectional transmission electron microsco
~XTEM!, and photoluminescence~PL! spectroscopy.

The ~In,Ga!N/GaN structures investigated here we
grown by plasma-assisted MBE~PAMBE! on either 6H-
SiC~0001! substrates~PDI! or on 2-mm GaN/Al2O3 tem-
plates grown by MOVPE~UCSB!. The substrate tempera
tures given in the following were calibrated by both grou
via the visual observation of the melting point of Al~660 °C!
attached to the respective substrate.

The PAMBE system employed at the PDI was assemb
by VTS-CreaTec, and is equipped with solid-source effus
cells for Ga and In, and an SVT plasma source operatin
300 W. The N2 flux is controlled by a digital flowmeter, and
was set to 1 and 2 sccm for barrier and well growth, cor
sponding to N-limited growth rates of 500 and 900-nm
respectively. The In/Ga flux ratio was approximately 2.
growth interruption of 5 s after each layer is sufficient t
stabilize the flux. The growth temperature for the 1-mm GaN
buffer was set to 800 °C, and for the MQW to 680 °C.

At UCSB, a Varian GenII™ system is used, which
equipped with twin solid-source effusion cells for Ga and
© 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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EPI Unibulb™ plasma source operating at 150 W and a c
stant N2 flux of 0.4 sccm. The In/Ga flux ratio was approx
mately 1. The Ga flux was switched for barrier and w
growth by utilizing the twin Ga cell, yielding growth rates o
140 and 80-nm/h, respectively. The growth temperature
the 50-nm GaN buffer was set to 750 °C, and for the MQ
to 620 °C.

Symmetric XRDv–2u scans were taken with a Philip
X’Pert PRO™ triple-axis diffractometer equipped with
Cu Ka1 source in the focus of a multilayer x-ray mirror,
four-bounce Ge~022! monochromator in dispersive configu
ration, and a two-bounce Ge~022! analyzer. The x-ray pro-
files were analyzed by a modified dynamical diffracti
model valid for arbitrary strain. XTEM was carried out in
JEOL2010 microscope operating at 200 kV. PL was exci
with the 325-nm line of a He-Cd laser with an excitatio
density of 1 W/cm2.

The benefit of a modulated stoichiometry even at co
paratively low temperature~580 °C! can be most clearly see
in Ref. 10. The atomic force micrograph of an~In,Ga!N/GaN
MQW shown there exhibits clearly resolved atomic steps
a peak-to-valley roughness of 7-nm, similar to state-of-t
art GaN layers grown by PAMBE. The modulated stoichio
etry is thus quite effective in maintaining a smooth grow
front, resulting in structurally abrupt interfaces. The high
temperature used in the present work furthermore minim
the impact of In surface segregation, as will be shown s
sequently.

Figure 1 displays the experimental and simulate11

triple-crystal XRD profiles for a 20-period~In,Ga!N/GaN
MQW grown on 6H-SiC~0001! under the conditions spec
fied in the experimental section. The~0004! reflection is
more sensitive to deviations from the intended compositio
profile,12 whereas the~0002! reflection, shown in the inset
can be measured with the highest angular resolution by
setup. Evidently, the interface quality of this MQW is high:13

superlattice satellites up to the fifth order as well as p
nounced interference fringes~cf. inset! are observed. More
over, the kinematically obtained parameters11 ~1.86-nm
In0.211Ga0.789N wells separated by 7.31-nm GaN barrier!
yield an excellent fit of the experimental data, as shown
Fig. 1 for both the~0002! and~0004! reflections. Any devia-
tion from these values degrades the fit. In particular, a sim

FIG. 1. Experimental~j! and simulated~—! triple-crystal XRD profiles
across the symmetric~00.4! reflection for a 20-period~In,Ga!N/GaN MQW
on 6H-SiC~0001!. The simulation utilizes the kinematically obtained para
eters. The inset shows the interference fringes around the zeroth-orde
ellite for the ~00.2! reflection. The thin and thick solid lines represent t
experimental and simulated profile, respectively.
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lation with our previous maximum value6 for the In content
of 15% and a resulting well width of 2.61-nm results
higher-order satellites that are systematicallylower in reflec-
tivity than the experimental ones, which is physically impo
sible. This finding shows that the synthesis of~In,Ga!N/GaN
wells without having to pay attention to In surface segre
tion is indeed feasible.

For structures with a shorter period, XRD is not suf
ciently sensitive to detect deviations from the intended co
positional profile.12 In this case, XTEM is the only techniqu
that will help in deciding if In surface segregation occurre
and distorted the nominal compositional profile. Figure
shows a micrograph of a 20-period~In,Ga!N/GaN MQW
grown on GaN/Al2O3(0001). Although the image suffer
from preparation-induced inhomogeneities, it is clear that
~In,Ga!N wells are well defined and straight, even over
rather large area. Most important, however, is the hig
resolution micrograph shown in the inset of Fig. 2, whi
demonstrates that the well thickness indeed correspond
that obtained by a kinematical analysis of XRD profiles fro
this sample, namely, 1.85-nm In0.175Ga0.825N wells separated
by 4.6-nm GaN barriers@seven monolayer~ML !, as counted
for the well, correspond to 1.82-nm#.

The consequences of our altered growth procedure
manifest themselves in the optical properties of the str
tures. Figure 3 shows the PL spectra of both the PDI a
UCSB samples at 5 K. Both structures emit in the blue wa
length range, and the spectral width of this emission co
pares favorably to the best values reported in the litera
for the same emission energy, regardless of the gro
technique.8,14 The emission from both structures is, in fac
narrower than that from our SWQs grown at low
temperature.7 In this context, it is interesting to compare bo
the measured emission energies and the widths to thos
theoretical predictions.

at-

FIG. 2. Bright-field XTEM micrograph of a 20-period~In,Ga!N/GaN MQW
on GaN/Al2O3 . The scale is indicated. The inset shows a Fourier-filte
high-resolution micrograph of one of the wells. The~0001! lattice planes
belonging to the well are highlighted.

FIG. 3. PL spectra of the two 20-period~In,Ga!N/GaN MQWs on 6H-
SiC~0001! and on GaN/Al2O3(0001).

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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Concerning the emission energy, self-consist
Schrödinger–Poisson calculations15 using the structural pa
rameters deduced from XRD return interband transition
ergies of 2.729 eV~21% In! and 2.876 eV~17.5%!, that is,
about 70 and 110 meVhigher than experimentally observed
respectively. This finding is expected~since the calculation
neglects excitonic effects as well as localization! but is in
striking contrast to our previous one, where the calcula
transition energies were always substantially~100 meV and
more! lower than the experimental ones.6 This result thus
further attests to the virtual absence of distortions of the
tended compositional profiles by In surface segregation.

Concerning the width of the PL bands, Mayrocket al.16

have calculated the variation of the center-of mass poten
~which is an upper bound for the PL linewidth! of a 2-nm-
thick In0.2Ga0.8N/GaN SQW, with the well being assumed
be a perfect random alloy and an interface roughness of61
ML. According to this calculation, pure alloy broadening
field-free In0.2Ga0.8N results in a potential variation of 9
meV. More recent work has arrived at values for the
linewidth of perfect random alloys of 70 meV17 and 80
meV18 at an In content of 20%, demonstrating that all
broadening in~In,Ga!N is indeed at least one order of ma
nitude stronger than in conventional III-V alloys. The lin
widths obtained in a QW, however, depend additionally
the correlation length of the interface roughness as well a
the internal electrostatic field within the QW. Atomic forc
micrographs taken from our samples show terrace size
the order of 50–100-nm; that is, the correlation length
significantly larger than the exciton Bohr radius. The elect
static fields are obtained from the self-consiste
Schrödinger–Poisson calculations, yielding values of 2.1 a
3.0 M/cm in the samples with In contents of 17.5% and 21
respectively. The theoretically predicted potential variatio
in these samples are 120 and 140 meV, respectively. The
linewidths measured in the present work of 95 and 110 m
thus do evidence abrupt interfaces and an excellent wel
well homogeneity, and also demonstrate that excessive c
tering does not take place, despite the high-growth temp
tures employed. Indeed, we believe that compositio
inhomogeneities in~In,Ga!N are largely driven by In surface
segregation, since the bulk diffusivity of In is too low t
account for the commonly observed degree of cluster
Downloaded 21 Sep 2003 to 128.111.74.212. Redistribution subject to A
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Avoiding In surface segregation may thus also kinetica
restrict the phase separation in~In,Ga!N.

We are indebted to Achim Trampert for his help with th
high-resolution XTEM micrograph.
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