Critical thickness of GaN thin films on sapphire (0001)
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Synchrotron x-ray diffraction was employed to measure the lattice constaamdc of GaN films
grown with an AIN buffer layer on sapphif@®@001) over a thickness range of 50 A todm. We

used multiple reflections and a least-squares fit method for high reliability. As the thickness
increased, the lattice constamincreased from 3.133 A to 3.196 A awddecreased from 5.226 A

to 5.183 A. The expected trend was fitted to an equilibrium theory, allowing the critical thickness
of GaN on AIN to be estimated at 29 A 4 A in good agreement with a theoretical prediction.
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The fact that GaN has a wide and direct band gap has ledpitaxy (MBE) on sapphirg0001) using a 32 A AIN buffer
people to consider GaN as a candidate material for shottyer. We used an AIN buffer layer because its in-plane lat-
wavelength optical devices, especially for a laser diode. Dugice constant is intermediate. This redistributes the substan-
to this high interest, much work has recently been reportegial mismatch between two interfaces. In order to have a
on the various physical properties of GaN. There has beeforkable signal from the thinnest films, a synchrotron x-ray
little work on the lattice constants of GaN, however, com-¢qrce was employed to measure lattice constaatsdc of
pared with the amount of work on other pr_operﬂésSmce GaN films using a least-squares fit method. Our data there-
the lattice constant couples to the electronic as well as Optlfore extend Hiramatsu's work to thinner films. We could

cal properties of material, '.t IS very !mportant to accurgtel){eﬁtimate the critical thickness of GaN grown on AIN using
measure these values for different thicknesses of the epitaxia o . . . .
an equilibrium energetic relationship between the lattice con-

layer. This is especially important for GaN because the po-

tential substrate materials for GaN epitaxy, such as sapphil%tanta anq the film thickness. . . L
and SiC, have such a sizable lattice mismatch with GaN that >aPPhire substrate preparation consisted of degreasing in

the lattice constants of GaN in layers as thick as 1000 jsuccessive rinses with trichloroethane, acetone and metha-
would be expected to deviate significantly from those of bulkn©l- Then the substrate was etched in 3:1SB,:HzPO,.
GaN. This could cause observable deviation on the expecte@oth rinsing and etching were done at a temperature of
performance of practical optical devices. Our study alsol50 °C. After rinsing and etching, the substrate was inserted
helps us gain a fundamental understanding of the relationinto the ultrahigh vacuum chamber. Thermal cleaning at
ship between strain and lattice mismatch in an anisotropi800 °C resulted in sharp reflection high energy electron dif-
material. fraction patterns typical of the clean sapphire surface. An
Using Bond’s double crystal x-ray methb#iiramatsu  AIN buffer layer was then grown at a substrate temperature
etal? previously measured the lattice constant of GaNof 550 °C and an Al effusion cell temperature of 1030 °C for
grown by hydride vapor phase epitaxy and metalorganic vais minutes. A radio frequency plasma source was used for
por phase epitaxy in the thickness range 0.6-12@0and  pjtrogen. Using the relation did~27/Aq, whereAq is the
found that the lattice constantof GaN decreased with in-  momentum transfer difference between successive minima of
creasing film thlckn_ess of Ga_N. They explained it by a Stra'”fringes near thé002 Bragg peak andNd is the film thick-
relaxation mechanism resulting from cracks, assuming the}tuess, an AIN buffer layer thickness of 32 A was obtained.

the origin of the stresses was just the difference in the therThe full width at half-maximum of thé002) rocking curve
mal expansion coefficient because their samples were cons

: : : : f AIN was 4.8 arcmin which confirmed that it was epitaxial
sidered to be thick enough to ignore the stress coming from . :
. X . with the sapphire substrate. On top of the AIN buffer layer,
lattice mismatch. Furthermore, only lattice constants near th

surface of GaN were measured because the penetration deﬁ ?aN layer was grown with the substrate temp:a rature of
was less than the thickness. 700 °C and a Ga effusion cell temperature of 910 °C. Using

In this work, GaN samples with smaller thicknesses in® profilometer, the thickness of the thickest GaN sample was
the range from 50 A to Lm were grown by molecular beam measgred to be &tm = 0.05um. This cahbrat!on allowed _
the thickness of the other samples to be derived from their
AElectronic mail: ckimd@students.uiuc.edu growth time. The thickness of our GaN films was found to

Y0n leave from Samsung Advanced Institute of Technology, Suwon, range from 50 Ato Jum. Using the fringe method we de-
Korea. termined the thickness of the 50 A GaN film to be within
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FIG. 1. Fit of lattice constara as a function of GaN layer thickness. FIG. 2. Lattice constant as a function of GaN layer thickness.

+ 5 A, which assured us that the thickness calibration was At thermodynamic equilibrium, misfit dislocations ap-
accurate for the thinner films, too. pear at the interface of strained layer heterostructure when

The x-ray measurement was done using the beamlinthe strained layer is thick enough that it is energetically fa-
X16-C of the National Synchrotron Light Sour¢BISLS).  vorable for the mismatch to be accommodated by a combi-
The way we measured the lattice constants was as followsation of elastic strain and interfacial misfit dislocations,
The same method was used for each samleOptimize  rather than by elastic strain alofi&herefore, in the initial
each of the diffractometer angles for (pically N=10) in stage of growth, when the film is below the critical thickness,
the different Bragg peaks of Gal®) build N corresponding GaN is expected to grow pseudomorphically on AIN. Above
reciprocal lattice vectors from the angles of each Bragg peathe critical thickness, the strain begins to relax by spontane-
and (3) use a least-squares fit method to get a best fit obus creation of dislocations at the GaN/AIN interface. Sub-
lattice which goes through all the Bragg peaks observed. Isequently the lattice constant begins to approach the bulk
this way, lattice constanta and c were obtained for each value as the thickness of GaN increases further.
sample. The same method was applied separately to a blank By observing the trend of the lattice constants as a func-
sample containing only the 32 A AIN buffer layer in order to tion of thickness, the thickness at whiaks a5, wherea is
measure its lattice constamtwhich turned out to be 3.084 A the lattice constant of the substrate, which is called the criti-
compared with its bulk value 3.112 A indicating a partial cal thicknessh,, may be extrapolated using a fitting func-
compression of the buffer layer. tion. We derived a functional form that was based on Van

Because of instrumental limitations, the resulting latticeder Merwe’s equilibrium theory.The total energy of an ep-
constants will depend slightly on which Bragg peaks aretaxial film is given by the sum ofi) the strain energy which
used in the calculation as well as on the accuracy of thdés proportional to square of in-plane strain as well as film
setting. Since the values were substantially overdeterminedhickness andii) the energy due to dislocations. By assum-
we were able to use this redundancy to obtain a reliable errang that the effective range of the dislocation field is con-
estimate. We carefully chose as many peaks isotropicallgtant, the energy due to dislocations depends on their density
distributed as possible in the reciprocal space. In order talone, which is linearly proportional to in-plane strain. By
estimate the error connected with the choice of Bragg peakslifferentiating this total energy with respect to the in-plane
we systematically omitted one or more Bragg peaks from théattice constant we can obtain the theoretical dependence of
set and repeated the refinement. The resulting error wag on h
0.007 A for botha and ¢, including a correction for the
systematiqmisalignmeny error of the diffractometer.

Our results for lattice constangsandc of the GaN films
are plotted in Figs. 1 and 2 as a function of their thickness.
They both show a progressive trend away from the bulk GaNvherea is the in-plane lattice constant of the GaN filmijs
lattice constants for thinner films. In the case of the in-planghe thickness of the filmga, is the lattice constant of un-
lattice constantFig. 1), the values are found to lie between strained GaN,as is the lattice constant of the substrate.
those of bulk GaN and the AIN buffer layer. It is clear that if h,= 29 A + 4 A was obtained to fit our data in the entire
the trend towards thinner films were extrapolated slightlyregion of the thicknes$Fig. 1) by adjustment of only the
the GaN lattice constant would cross that of the AIN bufferparameteh.. The resulting fit curve is the solid line through
layer. This is the situation that occurs at the critical thicknesshe data points. Using Kaspet'&nergetic correction esti-
h, of GaN: thinner films would simply have a pseudomor- mates for the dislocation interactions we obtained a different
phic epitaxial relationship with the AIN substrate. In order to expression for Eq(1).” Quantitatively, using the logarithmic
establish a quantitative estimate bf, it is necessary to correction for the effective range of the dislocation field did
make a theoretical fit to the data for the trend of lattice con-not give a significantly different result at the level of accu-
stant with thickness, which we explain next. racy of our datd.

he
a=ag+ 1 (as— o), &
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The critical thickness has been calculated and discusseithough the apparent trend in Hiramatsu's data overlies a
by many author&® However, there have been many region where our values appear to be constant, they are still
report$®!! on experimental determinations of the critical consistent within error. Since the determination of the critical
thickness indicating that coherence apparently persists tthickness is more sensitive to data obtained for thin samples,
thicknesses much greater than that predicted by classicthis uncertainty of the lattice constant in a thicker region
theories. Recently, Fischet all? reported a new approach does not seriously change the fitting value of the critical
in equilibrium theory for strain relaxation in metastable het-thickness.
eroepitaxial semiconductor structures. In this equilibrium  In summary, synchrotron x-ray diffraction was utilized
theory, they included the elastic interaction between straighio measure lattice constargsandc of thin GaN films grown
misfit dislocations and obtaindu, by setting the excess re- on a 32 A AIN buffer layer by MBE using a least-squares fit
solved shear stress required to produce misfit dislocations tmethod. Due to the lattice mismatch, changes in the lattice
zero. According to Fischeet al, the critical thickness is constants of GaN films were observed. The critical thickness

given by of GaN was estimated to be 29 A 4 A_ It is worth noting
(ag—a) [b cosA that an equilibrium energetic argument appears to explain
0 % >h ) our observations, and gives good quantitative agreement
aS C

with the predictech,. This is not the case in other systems,
such as Ggi;_,, where critical thicknesses ten times the
equilibrium value are found, and kinetic models are needed
to explain the phenomendd.
where, as beforey, andag denotes the lattice constant of the The authors would like to acknowledge useful discus-
fully relaxed film and that of the substrate, respectivalys  sions with Dr. Mauro Sardela. This work was supported by
the angle between the Burgers vector and the direction in théhe United States Department of Ener@OE) under Grant
interface, normal to the dislocation line. Inserting appropriateNo. DEFG02-91ER45439 and by Samsung Electronics Co.
material parameters, = /3, v = 0.38 andb = 3.084 A,  Ltd. NSLS is supported by the U.S. DOE under Grant No.
the calculated critical thickness of GaN is 31.5 A which is in DE-AC012-76CH00016.
good agreement with our result.

The expansion of as a result of the contraction afis
simply explained by the Poisson ratie, soc can be related
to a from its definition.

1-(vld)

X 1+(477(1+v)cos’- N

In(hC/b)), )

10. Lagerstedt and B. Monemar, Phys. Revi® 3064(1979.

2T. Detchprohm, K. Hiramatsu, K. Itoh, and I. Akasaki, Jpn. J. Appl. Phys.
31, L1454 (1992; K. Hiramatsu, T. Detchprohm, and I. Akasaki, Jpn. J.
Appl. Phys.32, 1528(1993; H. Amano, K. Hiramatsu, and |. Akasaki,
3) Jpn. J. Appl. Phys27, L1384 (1988.

CoV
c=cCot+ a—o(ao—a),

wherec, is the bulk(relaxed lattice constant. Shown in Fig.
2 are our data of lattice constantthe data from Hiramatsu
etal,? and the best fit of Eq(3) with c,=5.183 A and

a(h) taken from Eq.(1). The solid line is obtained using
v=0.38 from Detchprohnet al. We obtained a slightly bet-
ter fit (dotted curve with »=0.44 = 0.05, which can be

considered as an experimental estimation of the Poisson rati

for a thin GaN film. Compared with Hiramatsat al’s re-
sults, the changes in the lattice constanivere very large

because our samples were so thin that the effect of latticg

SW. L. Bond, Acta Cryst13, 814 (1960.

4G. C. Osbourn, IEEE J. Quantum Electr@pE-22, 1677(1986.

5J. H. van der Merwe, Surf. Sc&1, 198(1972.

SE. Kasper and H. -J. Herzog, Thin Solid Film8, 357 (197%; E. Kasper,
Surf. Sci.174, 630(1986.

’C. Kim, I. K. Robinson, J. Myoung, K. Shim, K. Kim, and M. Yoo
(unpublished

8J. W. Matthews and A. E. Blakeslee, J. Cryst. Gro@th 118; 32, 265
(1979.

°B. W. Dodson and J. Y. Tsao, Appl. Phys. Leil, 1325(1987; 52, 52

O1989.
10E, Kasper, inPhysics and Applications of Quantum Wells and Superlat-

tices edited by E. E. Mendez and K. von Klitzing’lenum, New York,
1987, p. 101.
R. People and J. C. Bean, Appl. Phys. Léff, 322 (1985.

mismatch was dpminant. However, our result o_f Iattiqe CON-2p_Figcher, H. Kuhne, and H. Richter, Phys. Rev. L@8, 2712(1994).
stantc sits on Hiramatsu’s data without any discontinuity. *3s. C. Jain, J. R. Willis, and R. Bullough, Adv. Phy8, 127 (1990.

2360 Appl. Phys. Lett., Vol. 69, No. 16, 14 October 1996

Kim et al.

Downloaded-19-Nov-2009-t0-129.8.242.67.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://apl.aip.org/apl/copyright.jsp



