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Si doping effect on strain reduction in compressively strained Al 0.49Ga0.51N
thin films

P. Cantu,a) F. Wu, P. Waltereit, S. Keller, A. E. Romanov,b) U. K. Mishra, S. P. DenBaars,
and J. S. Speck
Electrical and Computer Engineering Department and Materials Department,
University of California Santa Barbara, Santa Barbara, California 93106

~Received 28 February 2003; accepted 5 June 2003!

Evaluation of the structural properties of 200-nm-thick Si-doped Al0.49Ga0.51N films, grown on
nominally relaxed 1-mm-thick Al0.62Ga0.38N buffer layers on sapphire, revealed that increased Si
doping promoted the relaxation of the compressively strained layers. The degree of strain relaxation
R of the Al0.49Ga0.51N films, as determined by x-ray diffraction~XRD!, increased fromR50.55 to
R50.94 with an increase in disilane injection from 1.25 nmol/min to 8.57 nmol/min. Transmission
electron microscopy analysis showed that the edge threading dislocations~TDs! in the Al0.49Ga0.51N
layers were inclined, such that the redirected TD lines had a misfit dislocation component. The
calculated strain relaxation due to the inclined TDs was in close agreement with the values
determined from XRD. We propose that the TD line redirection was promoted by the Si-induced
surface roughness. ©2003 American Institute of Physics.@DOI: 10.1063/1.1595133#
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Low-resistivity, n-type, high-AlN-mole-fraction (x)
Al xGa12xN alloys are necessary for the fabrication of de
ultraviolet optoelectronic devices. However, growth of th
alloy becomes more difficult with increasingx. In general,
Al xGa12xN films with x>0.20 deposited directly onc-plane
sapphire substrates exhibit threading dislocation~TD! densi-
ties in the 1010– 1011 cm22 range,1 in comparison to
108– 109 cm22 for GaN. The higher TD density is related t
the low surface mobility of the Al species during depositio
which prevents the formation of large islands in the init
stage of growth. Additionally, growth of AlxGa12xN films on
nominally relaxed AlyGa12yN buffers results in either tensil
(x.y) or compressive (x,y) biaxial stresses. Doping high
Al-composition AlGaN films is also a challenge. Eve
though the n-type dopant Si is readily incorporated
Al xGa12xN films, its electrical activity decreases with in
creasingx.2 At Al mole fractions exceeding 0.50, the Si do
nor level was reported to transform into a deep level, rela
to the formation of aDX center.3 Furthermore, the doping
efficiencies are affected by self-compensation processes
example, the probability to form gallium and aluminum v
cancies, which possess acceptor character, strongly incre
with increasingx in n-type AlxGa12xN films.4

In this letter, we report on the effect of Si doping on t
structural properties of 200-nm-thick Al0.49Ga0.51N films de-
posited on top of 1-mm-thick Al0.62Ga0.38N buffer layers on
sapphire. The Al0.49Ga0.51N films had a nominal misfit strain
of approximately 0.32% with respect to the Al0.62Ga0.38N
buffer layers. It was observed that increased Si doping
hanced the strain relaxation of the Al0.49Ga0.51N films by
edge TD line redirection.

All samples were grown by low-pressure metalorga
chemical vapor deposition~MOCVD! at 100 Torr, onc-plane
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sapphire substrates using trimethylgallium~TMG!, trimethy-
laluminum~TMA !, and ammonia (NH3) as precursors. Disi-
lane (DiSi5Si2H6) was introduced into the gas stream
achieve Si doping.

The growth of all samples was initiated with the depo
tion of a 14-nm-thick Al0.60Ga0.40N nucleation layer at
600 °C. Next, the temperature was raised to 1150 °C to
posit a 1-mm-thick Al0.62Ga0.38N buffer layer using TMG and
TMA flows of 29.5 mmol/min and 35.5mmol/min, respec-
tively. H2 was used as carrier gas. Next, 200-nm-thick
doped Al0.49Ga0.51N films were deposited on top of the buffe
layers also at 1150 °C, using TMG and TMA flows of 10
mmol/min and 7.1mmol/min, respectively. The DiSi flow
rate during growth was varied between 1.25 and 8.57 nm
min, which resulted in silicon incorporations of@Si#51.42
31019 cm23 and @Si#59.7231019 cm23, respectively, as
calculated from secondary ion mass spectroscopy data t
from doping calibration samples grown under similar con
tions. N2 was used as carrier gas. A constant NH3 flow of 45
mmol/min was used for both the buffer and doped layers

The structural properties were evaluated by hig
resolution x-ray diffraction~XRD! measurements, conducte
on a Philips Materials Research Diffractometer. Atomic for
microscopy~AFM! was performed using a Digital Instru
ments Nanoscope III operated in tapping mode. The r
roughness values were obtained using the computer s
ware. Transmission electron microscopy~TEM! was carried
out using a JEOL 2000FX.

Several Al0.49Ga0.51N samples were grown with differen
Si injections to optimize then-type doping in the films. For
these type of samples, we routinely determined the Al co
position by measuring 2u–v XRD scans in the symmetric
~0002! and~0004! reflections, using a receiving slit. Surpris
ingly, we observed a shift of the relative position of th
Al0.49Ga0.51N (000l ) peak with respect to the Al0.62Ga0.38N
(000l ) peak for samples grown with different DiSi injec
tions. The measured peak separation between

e-
© 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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Al0.62Ga0.38N and Al0.49Ga0.51N (000l ) reflections decrease
with increasing Si doping, indicating that either the comp
sition or the strain in the Al0.49Ga0.51N layers was changing
~the run-to-run variation in the layer composition for u
doped samples was less than 1% in our reactor!. However, as
the symmetric scans were not capable of determining b
the composition and the strain state of the Al0.49Ga0.51N lay-
ers, thus we used reciprocal space maps~RSMs! near the
(101̄5) asymmetric reflection to unambiguously determ
strain and composition.

We measured XRD RSMs near the (1015̄) reflection,
taken in coplanar geometry~incident and scattered wave ve
tors and sample surface normal all in the same plane! with
shallow incidence of the x-ray beam, in rocking curve mo
with a 1.0 mm slit. For these maps, the (1,1,2,̄12) reflection
of sapphire (a50.47588 nm andc51.2992 nm) was em-
ployed as an angular reference atu0551.412°~Bragg angle!
andv0526.946°~reference incidence angle between the
cident beam and the (000l ) planes!. Using the known sap-
phire lattice constants, the in-plane and out-of-plane cell
mensions of the 1-mm-thick AlyGa12yN buffer layer were
calculated fromu andv. We then used standard x-ray anal
sis to determine the Al composition of the buffer layer resu
ing in an Al mole fraction of approximately 0.62. The degr
of strain relaxation,5 R512 «measured/«coherent ~where
«measuredis the actual strain in the epilayer and«coherentis the
strain in a coherent layer!, was used as a measure of t
strain state of the epilayer. The buffer layer exhibitedR
'0.98 with respect to the underlying sapphire substrate. T
value corresponded to a residual compressive strain of
proximately 0.27%, given the lattice mismatch of;13.4%
between the Al0.62Ga0.38N buffer and the sapphire substrat
The residual strain state of the Al0.62Ga0.38N buffer was due
to both the strains associated to the growth process and
compressive thermal mismatch strain during cooling to ro
temperature;6 the latter was on the order of 0.30%. Thus, it
reasonable to assume that the residual strain of
Al0.62Ga0.38N buffer at growth temperature was negligible

The same method as just described was used to d
mine the cell dimensions of the Al0.49Ga0.51N films. Figure
1~a! is a characteristic RSM that shows that the Al0.49Ga0.51N
layer was not coherent with respect to the underly
Al0.62Ga0.38N buffer. The XRD analysis revealed that th
200-nm-thick Al0.49Ga0.51N films were only partially relaxed
with respect to the Al0.62Ga0.38N buffer layers, and that the
relaxation was the more pronounced the higher the Si d
ing. As shown in Fig. 1~b!, we observed an increase fro
R50.55 toR50.94 ~for the Al0.49Ga0.51N layer with respect
to the Al0.62Ga0.38N buffer! for a corresponding increase i
the Si/(Al1Ga) ratio @23DiSi flow/(TMG flow
1TMA flow) # from 7.131025 to 4.931024.

The reproducibility of the strain relaxation results w
confirmed through several experiments conducted before
after this study, for which the XRD determined compositio
of several Al0.62Ga0.38N buffers and Al0.49Ga0.51N films did
not change more than61%. Hall effect measurements o
Si-doped samples grown under identical conditions show
that then-type doping level was also stable.7 Furthermore,
enhanced strain relaxation by increased Si doping was
observed for AlGaN/AlGaN strained layer superlattice
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which were grown on similar Al0.62Ga0.38N buffer layers.8

In the growth of GaN, silicon has been established as
antisurfactant and similar roughening effects were obser
in high-Al-content AlGaN layers.9,10 Figures 2~a! and 2~b!
show AFM images of Al0.49Ga0.51N films grown with
Si/(Al1Ga) ratios of 7.131025 and 4.931024, respec-
tively. The measured rms roughness over the 1-mm
31-mm scans increased from 0.32 nm for Fig. 2~a!, to 0.80
nm for Fig. 2~b!. Si doping enhanced the formation of sma

FIG. 1. ~a! RSM near the asymmetric (1015̄) reflection of the epilayer
stack. The map was taken in coplanar geometry with shallow incidence
rocking curve configuration. ‘‘r.l.u’’ refers to dimensionless reciprocal latti
units ~lq!. ~b! Degree of strain relaxation of Si-doped Al0.49Ga0.51N films as
obtained from x-ray analysis of RSMs. The inset is a schematic of
sample structures.

FIG. 2. AFM images of Al0.49Ga0.51N films doped with~a! Si/(Al1Ga)
57.131025 and ~b! Si/(Al1Ga)54.931024. The rms surface roughnes
values measured from the 1-mm31-mm images were~a! 0.32 nm and~b!
0.80 nm.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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pits at the intersection of dislocations with the sample s
face, as seen for the sample grown with the highest Si/
1Ga) ratio of 4.931024 in Fig. 2~b!.

TEM analysis showed that more than 90% of the thre
ing dislocations in our samples had Burgers vector1

3^112̄0&.
The TD density of an Al0.62Ga0.38N buffer grown under iden-
tical conditions was;331010 cm22 ~from plan-view TEM
measurements!. In the buffer, the TDs had a@0001# line di-
rection and did not provide any strain relief. In th
Al0.49Ga0.51N cap layer, however, the TDs were inclined b
;10° – 25°, as seen on cross-sectional TEM images in
3. Plan-view TEM studies on similar samples showed t
the TDs inclined toward thê11̄00& directions and had a
misfit component, thus relieving misfit strain~e.g., TDs with
b56 1

3@21̄1̄0# were inclined towards6@011̄0#). The misfit
component of the TDs in this geometry was obtained fr
the projected length of the TDs on the~0001! plane. The total
biaxial plastic strain relaxation at the top layer surfa
caused by the inclined TDs was obtained from«pl

top5 1
2bLr,

whereb is the magnitude of the edge misfit component of
Burgers vector,L the average misfit segment length, andr
the TD density. We noted that the inclined TDs led, in
approximation, to a linear gradient in relieved strain. Figu
3~a! and 3~b! show 112̄0 weak-beam cross-sectional TE
images of samples in which the Al0.49Ga0.51N layers were
grown with Si/(Al1Ga) ratios of 7.131025 and 4.9
31024, respectively. The measured angles of inclination
the figures are 15° for Fig. 3~a! and 20° for Fig. 3~b!, and
correspond to true inclination angles of 17.2° and 22.
respectively, after accounting for geometric projection. F
the Al0.49Ga0.51N sample grown with the low Si/(Al1Ga)
ratio of 7.131025, the average projected misfit dislocatio
segment length was 62 nm, which led to a calculated rela
strain at the surface of 0.27% (R50.84). For the
Al0.49Ga0.51N sample grown with the high Si/(Al1Ga) ratio
of 4.931024, the average projected misfit segment length
the inclined TDs was 84 nm and the calculated relaxed st
was 0.35% (R51.09) of the misfit strain at the surface. W
believe that this was in good agreement with the XRD res
already reported.

FIG. 3. Cross-sectional TEM images of Al0.49Ga0.51N/Al0.62Ga0.38N single
heterostructures, where~a! and ~b! are 112̄0 weak-beam, dark-field image
of the samples doped with Si/(Al1Ga) ratios of 7.131025 and 4.9
31024, respectively. The measured angles of~a! 15° and~b! 20° were a
30° projection of the real inclination angles, which were~a! 17.2° and~b!
22.8°.
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As shown above that the inclined TDs contributed to t
misfit stress relaxation of the Al0.49Ga0.51N films with respect
to the underlying Al0.62Ga0.38N buffer layers. We assume
that the mechanism responsible for the inclination of TDs
not a dislocation glide process. In general, for planar~0001!-
oriented nitride samples with hexagonal crystal structure,
majority of the TDs have pure edge character, with@0001#
line direction and Burgers vector in the basal plane. T
$11̄00% prismatic glide planes of these edge dislocations
normal to the biaxial stress plane and are free of shear st
Thus, there is no easy slip system for plastic relaxation
dislocation glide. We propose that the observed surf
roughness of the Al0.49Ga0.51N films assisted during the ini
tial stage of TD line redirection. The TD lines inclined at on
point during growth, and maintained their new orientati
throughout the growing film. Hence, we concluded that b
diffusion-assisted climb processes were unnecessary to
ize these dislocation geometries. Rather, a possible me
nism can be described as directional migration and incor
ration of adatoms in the pre-existing dislocatio
configurations at the growing film surface. A model expla
ing stress-driven TD inclination will be presente
elsewhere.11 We suppose that the inclination angle was d
termined by the MOCVD growth conditions responsible f
the surface roughness of the growing film~Si injection,
growth rate, temperature, etc.!. Experiments are under way t
clarify the important parameters that determine the TD l
orientation.

In summary, increased Si doping enhanced the relaxa
of compressively strained 200-nm-thick Al0.49Ga0.51N films
grown on top of 1-mm-thick Al0.62Ga0.38N buffer layers. The
degree of relaxation obtained from XRD RSMs and TE
analysis were in good agreement. Strain relaxation w
achieved by the inclination of pure edge threading dislo
tion lines with respect to the surface normal. The redirect
of TD lines was induced by surface roughness dur
growth.
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