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The effect of Si doping on the defect structure of GaN/AlN/Si „111…
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The effect of Si doping on the structural quality of wurtzite GaN layers grown by molecular beam
epitaxy on AlN buffered~111! Si substrates is studied. The planar defect density in the grown GaN
layer strongly increases with Si doping. The dislocation density at the free surface of GaN
significantly decreases when Si doping overpasses a limit value. Si doping affects the misorientation
of the subgrains that constitutes the mosaic structure of GaN. The increase of the planar defect
density and out-plane misorientation angles of the GaN subgrains with Si doping explain the
decrease of dislocations that reach the free surface of GaN. A redshift in the photoluminescence
spectra together with a decrease in thec-axis lattice parameter as the Si doping increases point to an
increase in the residual biaxial tensile strain in the GaN samples. ©1999 American Institute of
Physics.@S0003-6951~99!04222-9#
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The epitaxial growth of GaN on Si is of particular inte
est because the Si technology is well established and G
has attractive optoelectronic, high power and hig
temperature electronic properties. The work on GaN h
eroepitaxy on other substrates, such as sapphire and S
abundant, unlike the GaN heteroepitaxy on Si~111! that has
received less attention although several reports have alr
been published1,2 where an AlN buffer layer was found t
improve the GaN quality.2 On the other hand, the incorpora
tion of Si in GaN has been studied both in heteroepitaxies
Si,3 and other substrates such as sapphire,4,5 where it was
found to improve the layer quality.5 In this work we deter-
mine the effect of the Si incorporation on the structural qu
ity of GaN layers grown by molecular beam epitaxy~MBE!
on AlN buffered ~111! Si substrates. The mechanisms th
lead to a reduction of dislocations at the free surface w
increasing concentration of Si will be studied.

A series of undoped and Si-doped GaN films have b
grown by plasma-assisted MBE onp-type resistive
(.100V cm) Si~111! on axis substrates. An optimized AlN
buffer layer3,6,7has been grown on the Si substrate before
GaN growth. The GaN layers were grown at 760 °C w
thicknesses around 0.8mm. A detailed explanation of the
growth system and substrate preparation have been publi
elsewhere.7 This work focuses on three types of samples:~i!
undoped samples that will be labeled as N0,~ii ! low Si dop-
ing, nSi51.131017cm23 ~sample N17!, and ~iii ! high Si
doping,nSi56.031018cm23 ~sample N18!.

Samples have been studied by transmission electron
croscopy~TEM! and associated techniques. Preparation
these specimens was performed by mechanical thinning
ion milling. The TEM study was carried out with both cro
sectional TEM~XTEM! and plan view TEM~PVTEM! ori-
entations with the TEMs Jeol 1200 EX and 2000 EX for t
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high resolution electron microscopy~HREM! work. Low-
temperature photoluminescence~PL! was performed with the
334 nm line of an Ar1 laser using a Jobi–Yvon THR 100
monochromator and detected with an ultraviolet~UV!-
enhanced GaAs photomultiplier and a lock-in amplifier.

The TEM and selected area electron diffraction~SAED!
studies of the epilayer show that GaN has an hexago
structure oriented with its@11–20# direction parallel to the Si
@110# direction being the GaN@0001# growth direction par-
allel to the Si@111# direction. The GaN layer, as deduce
from PVTEM and XTEM observations, consists of a mosa
structure where subgrains are slightly misoriented. T
PVTEM image of Fig. 1 shows the defect and grain dist
butions of the GaN layer in sample N0. The appearance
the PVTEM images in Si doped samples~N17 and N18! is
similar to that shown in Fig. 1, although the average gr
size is smaller with respect to the undoped sample.8 The
analysis of PVTEM images recorded under weak beam c
ditions permits us to obtain the density of dislocations t
reach the free surface of the grown GaN layer. Table I su
marizes the dislocation density measured in the th
samples studied after analyzing a region that contains h
dreds of grains. There is a clear reduction in the measu
dislocation density as the Si doping increases. The mec
nisms that lead to this reduction will be explained belo
The dislocations considered for the measured densityrD are
those with Burgers vectorsb51/3̂ 11–20& and b51/3̂ 11–
23&. It is worth noting that edge dislocations are the ma
dislocation type observed in GaN heteroepitaxies, wh
screw dislocations are greatly reduced during growth thro
half loop formations.9

The GaN layers present other structural defects:~i! pla-
nar defects in the~0001! growth plane and~ii ! inversion
boundaries that propagate vertically along the@0001# growth
direction. Diffraction contrastg•R analysis lets us determin
that these planar defects consist of stacking faults on
2 © 1999 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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wurtzite basal plane. By HREM it is evidenced that su
stacking faults usually are stacked along the@0001# growth
direction at distances on the order of 10 nm. The pla
defect density clearly increases as the Si doping increase
value is 0.6mm21 for the undoped sample and it increases
to 4.0mm21 in sample N18 (nSi56.031018cm23). An op-
posite tendency is observed for inversion domains. The
verted domains were determined using the procedure
lowed by Romanoet al.10 that uses multiple dark field TEM
images withg56(0002) along a noncentrosymmetric ax
To confirm the existence of such inverted domains, t
beam images taken withg5(1 – 100) near the@11–20# zone
were analyzed.11

The subgrains that configure the mosaic structure
GaN are slightly misoriented both in- and out-plane~0001!
growth. By analyzing electron microdiffraction patterns r
corded from adjacent subgrains in plan view and cross
tion prepared specimens, it was possible to measure the
plane misorientation between subgrains to be 2.0°60.5° in
the Si doped samples studied. This value is larger than
measured in the undoped sample that resulted in 1.0°60.5°.

The distribution of misorientations in the subgrains co
stituting the mosaic structure and the density of planar
fects are decisive to explain the reduction in the dislocat
density observed in the different samples~Table I!. The den-
sity of planar defects is clearly larger as the Si doping
creases. It is observed by TEM that the interaction of th
planar defects, located on the~0001! planes, with the vertica
line dislocations contributes to the decrease in the numbe
vertical dislocations that reach the free surface of the G
layer. Similar interactions of threading dislocations that t
minate on~0001! planar defects have been observed in G
layers grown by metalorganic chemical vapor deposit
~MOCVD! on sapphire.12,13 The increase in the measure
out-plane misorientation with the Si doping may also lead
an increment in the number of dislocations which have lin
perpendicular to the@0001# growth direction, promoting in-
teractions with the dislocations which propagate with th
lines vertically along the growth direction. These argume
explain the decrease in the dislocation density measure

FIG. 1. Bright field PVTEM image of the GaN layer of the undoped sam
recorded under two beams condition forg5(11– 20).
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the free surface of the GaN layer as the Si doping le
increases~Table I!. These ideas also explain the results
Ruvimov et al.5 that observed a bending of the threadi
dislocations into the basal plane to become segments of
fit dislocations parallel to the interface.

Figure 2 shows the low-temperature PL spectra and
value of thec-axis lattice constant measured by x-ray diffra
tion ~XRD! of the Si-doped GaN samples~N17 and N18!
and the undoped reference one~N0!. The increase of the PL
spectra intensity with Si doping suggests that such emis
is related to Si donors. The fact that this emission is a
present in the undoped sample can be explained due
Ga/Si interdiffusion process taking place at the GaN/Si~111!
interfaces as is confirmed by secondary ion mass spectr
etry data.14 It can be seen that the peak at around 3.45
redshifts while thec-axis lattice parameter decreases as
Si doping density increases. Both results point to an
hancement of the biaxial tensile strain with increasing
doping. The reduction in the dislocation density, previou
observed by TEM techniques, can also be correlated w
these findings.

We conclude that the Si doping level of a GaN lay
grown by MBE on~111! Si substrates determines the stru
tural quality of the grown GaN layer. Densities of disloc
tions and inverted domains at the free surface of the gro
layer are found to decrease with the Si doping, while
density of planar defects within the GaN layer follows
opposite trend. Misorientations between the subgrains
form the mosaic structure of the grown GaN layer and
planar defect density clearly depend on the Si density
explain the quality of improvement in the GaN layers stud
by Si doping. A decrease of one order of magnitude in
threading dislocation density is achieved by doping with

FIG. 2. Low-temperature PL spectra of the Si-doped GaN layers~N17 and
N18! and the undoped one~N0!. On the right side: values of thec-axis
lattice constant from XRD data.

TABLE I. Dislocation densitiesr measured from PVTEM images recorde
under weak beam conditions in undoped~N0! and doped~N17 and N18!
samples.

Sample N0 N17 N18

rD (cm22) 6.460.53109 5.360.53109 8623108
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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to 631018cm23. A redshift in the PL spectra, together wit
a decrease in thec-axis lattice parameter, point to an increa
in the residual biaxial tensile strain in the GaN samples
the Si doping increases. This is in agreement with the pr
ous results obtained by TEM techniques.
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