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The evolution of stress-driven surface roughening in low-temperature (LT) grown AIN has been investigated in a wide range
of film thicknesses using plasma assisted molecular beam epitaxy and atomic force microscopy analysis. The relaxation of
residual strain causing morphological instability aftés0 nm thickness represents the kinetic stabilization of LT growth. LT-

AIN layers with thicknesses 6£20 nm provide excellent surface smoothnessc6f9 nm and large relaxation,94% of the

lattice mismatch strain. AIN films thicker than 50 nm, for which the scaling exponents are greater than 1, revealed stress-driven
surface roughening with coherent islands. The implementation of thick LT-AIN buffer layers is limited by the stress-driven
surface roughening above50 nm thickness.
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Group llI-nitride semiconductors are promising material&inetics of diffusion and the atomic desorption rate.
for high-temperature and high-power microelectronics and This work is designed to provide a detailed understand-
ultra-violet/blue/green optoelectronics by virtue of their widéng of the surface roughening mechanisms of LT-AIN layers
band gaps, high thermal conductivities and large electricah sapphire over a wide range of film thicknesses. Discus-
breakdown field$-® A low-temperature (LT) AIN nucle- sions are focused on identifying and understanding the kinetic
ation layer grown on sapphire is designed to provide thgathways to 3D growth of the strained heterostructures of LT-
GaN film with a smooth growth surface with reduced latticIN on sapphire. This information is important to elucidate
mismatch?) The strain-induced transition of a planar two-the strain relaxation mechanism and the interfacial properties,
dimensional (2D) AIN layer to a three-dimensional (3D) iswhich contain relevant physics in a wide spectrum of the de-
land morphology is a significant issue because the LT-AINelopment of undulating topology in the AIN-sapphire sys-
buffer layer serves as the crystallographic and morphologicam.
template for subsequent GaN growth. Recent works on sur-AIN samples were grown on the basal plane of a sapphire
face morphology reported an improvement of the film quakubstrate at 55@ using PAMBE with 350-W rf power and
ity after the annealing of LT-GaN and the nitridation of sap1-sccm nitrogen gas flow. The structural configuration and
phire®7) However, little is known about the evolution of thethe growth processes of PAMBE have been described previ-
growing interfaces of AIN-sapphire heterostructures growausly® The surface of the substrate was examined using
by plasma-assisted molecular beam epitaxy (PAMBE). situ 10-keV reflection high energy diffraction (RHEED) dur-

Interfaces grown under non-equilibrium conditions exhibiing the plasma cleaning of the substrate surface and the subse-
irregular geometries which can be analyzed in terms of thguent epitaxial growth procedure. Atomic force microscopy
scaling properties of the surface fluctuatiérf$ Theoretical (AFM) analysis was performed with an ambient Topometrix
works on the evolution of surface roughness have focused eystem with silicon nitride cantilevers in contact mode. The
the concept of dynamic scaling observing that growth can preeans were obtained with scan ranges of eitheir@5 with
duce a self-affine surfad€:'® The mean correlated heighta tripod scanner or Am? with a tube scanner a0 x 400
fluctuationG is defined over a length scateparallel to the points per scan. Root mean square (rms) roughness values
surface and the deposition timeat a given deposition rate, were obtained from at least six different locations. Error
G(p, t) = ([h(pj, t) — h(pi, t)]*)}/2, whereh(p;, t) and ranges were obtained by calculating the standard deviation of
h(p;, t) are the heights of the surfaces at two locations labelgtle measurements from different areas of images.
by p; andp; separated by a distanpe Self-affine growth re- RHEED patterns of AIN surfaces were taken along the
sults in a simple power-law scaling relationship for the surfaci 120] azimuth direction. The RHEED patterns were streaked
roughnes<> as a function of the scaling exponentand the due to a smooth surface as shown in Figs. 1(a) and 1(b) for
growth exponeng. The dynamic scaling properties are givenl.5nm and 12 nm thick AIN films, and indicate a high crys-
by G « p* forty < t < ts, andG  p” for t > ts, where talline quality of the epitaxial layers. However, the spotty
to andtg are the characteristic time scales defining the initighattern in Fig. 1(c) of the 140-nm-thick AIN film indicates
transient time and the saturation time, respectively. Despitkat the surface undulation has occurred while the surface is
the many atomic models addressing surface roughening am@intained a single crystalline nature.
growth kinetics, the evolution of the growth front is a subject Shown in Fig. 2 is the rms roughness of LT-AIN epitax-
of ongoing discussions due to the two different and competirigl layers plotted as a function of film thickness. The ob-

served initial surface of the sapphire substrate exhibited an

*10n leave from Electronics and Telecommunications Research Institute.rmS roughness 0+-0.25nm. The data in Fig. 2 present two

*2Author to whom correspondence should be addressed. E-mail addreS§Parate regimes of film _growth modes, one corresponding
kevinkim@uiuc.edu to a 2D planar growth with an rms roughnesd nm and

L 313



L 314 Jpn. J. Appl. Phys. Vol. 37 (1998) Pt. 2, No. 3B K.-HI8 et al

2 4
10 T 10
(2)
LT-AIN on Sapphire
=
£
| 3
= 10 =410 =
g 10 F 100 =
& b E
i £
£ | g
=Y =]
S w0 E Hi0t 5
o 10 > ] a2
f ] ah
>
[ <
’ Sapphire Surface
loy\ L - Lol N L
10° 10! 10 10°

AIN Thickness (nm)

Fig. 2. The rms roughness and the average size of crystallites of LT-AIN
films grown on sapphire substrates. The data show two separate regimes of
film growth modes corresponding to 2D planar growth with an rms rough-
ness<lnm and a transition to very rough 3D growth at approximately
50 nm film thickness. The connection lines are to guide the eye.

growth1® The apparent scaling behavior exhibits a crossover
from nonlinear (adsorption) to linear (diffusion) regimes and
a transition to faceted growth of mounds. That is, the scal-
ing exponents evidently present the panoramic evolution of
growth modes in the strain-induced AIN from the 2D planar
growth controlled by adsorption at the kink sites 0.6) to
the stage of faceted growth (~ 1.5, 5 ~ 1) with mounds.
The roughness exponents at thin stagd® nm are given by
(o ~ 0.6,8 ~ 1/2), which agree very well with the theo-
retically determined values from a random-deposition (RD)
model; @ = 1/2, 8 = 1/2).1") The exponents roughly satisfy
a hyperscaling relationship of + «/8 = 2, which was pre-
dicted by the non-conservative models in which the formation
of voids and overhangs and the desorption of deposited par-
ticles are allowed. Such behavior of Al adatoms on the film
surface can be facilitated by the bombardment of energetic
particles because thermal activation is extremely small at low
Fig. 1. RHEED patterns of AIN surfaces along f1¢20] azimuth direc- temperatures.
L st o oo & s i o TG 1alice constants of he thin AN fims were deter
of the e.pitaxial Iapyers, and the spotty patit)ern in (c) regpresgnts the gurfa%ned from X__ray mea_surements an.d a leaSt_,Squares fit anal-
undulation, while the surface is maintains a single crystalline nature. ~ YSiS as described previoushThe strain and lattice constants
of AIN are plotted as a function of film thickness in Fig. 3,
where the solid line represents a Matthew-Blakeslee (MB)
model using cubic approximatid® The initial relaxation,
the other a transition to a very rough 3D growth at approX3.7% of the ultimate lattice mismatch and 11.7% between
imately 50-nm film-thickness, i.e., a Stranski-Krastanov (SKAIN (a = 3.112,&) and sapphired/v/3 = 2.747,&), rep-
mode growth. RHEED observations correspond very well teesents the limit of plastic deformation2%, allowed at the
the surface undulation in the AFM images (data not showninterface between AIN and the sapphire substrate. LT-AIN
After the transient period of the relaxation process-@0— layers with~20 nm thickness exhibit a surface roughness less
50nm thickness, AIN films presented stress-driven surfadban 0.9 nm and a compressive straindi.7%, which indi-
roughening with coherent islands. The film of 140-nm thickeates that-94% of the lattice misfit strain was relaxed. The
ness showed a high density of well-developed mounds witkbrupt relaxation of strain after reaching0 nm thickness is
a large roughness of6 nm. The average size of the crys-presumably due to the rapid dissipation of accumulated strain
tallites could be measured from films thicker than 50 nm; thenergy holding the highly undulated surface.
average size decreases from 300 nm to 80 nm as the films beThe critical thickness defining the instability for low-
came thicker, from 50 nm to 140 nm. temperature dependence is theoretically estimated to be less
The scaling exponents of the AIN films with thicknesses than a monolayer thickness. However, the situation in the case
of 22, 50, 140, and 270nm as determined from 1D powenf LT-AIN growth on sapphire appears to be different accord-
spectrum density analysis are 0.6, 0.8, 1.0, and 1.5, respéuyg to its featureless, smooth 2D planar growth to a relatively
tively. The values ofx in the range of 0.6—1.0 are within thick level of ~20 nm. We propose three mechanisms to ex-
the predictions of diffusion-limited aggregation (= 1)*® plain this extraordinary behavior of LT-AIN. The first and
and MBE growth controlled by adsorption at kink sites£ second mechanisms are the ion bombardment effect and the
0.66),19 while the large valuepr = 1.5, indicates faceted kinetic stabilization of LT growth, respectively. Both of these
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1 — ) 3.143 ening above-50 nm thickness. Therefore, the film thickness
L LT-AIN on Sapphire ] <50nm is considered to be most appropriate for application
MB Model ] to nucleation layers for such subsequent films as GaN. The
3112 suppression of the stress-driven roughening, since it is ki-
1 netically controlled, might be further facilitated by lowering
the substrate temperature and by increasing the growth rate.
However, there will be other criteria for the critical thickness
of the epitaxial growth, limited by the formation of an amor-
phous phase due to zero mobility of the surface adatoms at
very low temperatures. At extremely low growth tempera-
i tures, the rf plasma parameters of PAMBE are expected to
- 1 play a significant role in promoting the 2D planar growth.
3 YT B T BT AP In conclusion, we report, for the first time to our knowl-
10° 10' 10° 10° edge, an observation of kinetic stabilization significantly
Thickness (nm) prolonging the 2D planar growth period of the Stranski-
Fig. 3. The strain and the lattice constants of LT-AIN films grown on sapKraStanov mode for the LT-AIN films grown by PAMBE. The
phire substrates. The solid line is calculated from a Matthew-Blakeslg®orphological instability of the LT-AIN film is suppressed up
model using cubic approximation. to ~50 nm thickness; it provides excellent surface smooth-
ness of<0.9nm and large relaxationy94% of the lattice
mismatch strain, at-20 nm thickness. LT-AIN films thicker
mechanisms are believed to work together to prolong the 2fhan 50 nm, for which the scaling exponents are greater than
planar growth of AIN. The rf plasma, which supplies a fluxl, experience stress-driven surface roughening with coherent
of 1.4 x 1012 cm~2.s7! jons with~20-eV energy, may trans- 3D island growth. We propose the implementation of LT-
fer sufficient kinetic energy to the growing film to suppresAIN films with thicknesses below 50 nm to avoid rapid sur-
the island growth. The significance of the energetic particldace roughening and a transition to the 3D island growth.
in PAMBE will be discussed elsewhere in conjunction with
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