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Raman characterization and stress analysis of AIN grown on SiC
by sublimation
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The stress distribution in bulk AIN crystals seeded on 6H—SiC was theoretically modeled and also
determined experimentally from Raman peak positions. The full width at half maximum of the AIN
Raman peaks showed the crystal quality improved as its thickness increased. The theoretical
frequency shifts of th&, (transverse opticaimode calculated from model-predicted stress were in
good agreement with experimental values taken along the edges of crystal samples. The stress was
linearly distributed along the depth of the samples, and changed from compressive at the growing
surface to tensile at the interface between AIN and SiC for thickness range of several hundred
micrometers. Large tensile stresses, up to 0.6 GPa, were detected in the AIN at the interface. The
effects of growth temperature and sample thickness were investigated. It is predicted that the AIN
on 6H-SiC must be at least 2 mm thick to prevent it from cracking while cooling down the sample
from a growth temperature of 2000 °C. @002 American Institute of Physics.
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I. INTRODUCTION SiC at high growth temperature; three-dimensiofaD)
nucleation and consequent formation of individual grains in
Recently group-Ill nitrides have attracted much interestthe AIN crystal; and cracking of the AIN crystal due to the
due to their enormous potential for electronic and optoelecthermal expansion coefficients mismatch between AIN and
tronic device applications. The lack of native bulk substratesSiC. To circumvent the first two problems, an AIN epitaxial
for epitaxy is a major limitation for fully implementing such layer was first deposited on SiC substrates by metalorganic
devices. Compared to the substrates now used commerciallghemical vapor depositiofMOCVD), resulting in 2D
mainly sapphire and SiC, AIN exhibits superior propertiesgrowth mode and suppressing SiC decomposition and grain
that are expected to enhance the performance of Ill—nitridéoundary formatior®**
devices' In particular, AIN substrates would have good This work addresses the last problem: the stress distribu-
chemical compatibility, lattice/crystal structure match, ther-tion in the AIN crystals grown on SiC substrates. In this
mal expansion match, high thermal conductivity, high elec-work, a theoretical model was formulated to describe the
trical resistivity, and excellent oxidation resistance. In addi-stress distribution in these AIN/6H-SIiC heterostructures.
tion, AIN is also considered as one of the best materials fol he Raman shift measurements were taken along the cross-
fabrication of surface acoustic wave deviées. sectional edge of several samples a0 intervals. Apply-
Most studies of AIN bulk crystal growth have employed ing the known relationship between the Raman shift and
the sublimation method. This technique was most succes$iress, the stress distributions in AIN samples were deter-
fully developed by Slack and McNefly in the mid 1970s. mined from shifted Raman frequencies and compared to the
Large boule(diameter up to 15 mincrystals have been pro- model-predicted ones.
duced by self seeding in sealed tungsten crucibles with a
sharp tip> 6H—SiC substrates offer an alternative method of
seeding even larger AIN crystals by sublimation due to thd!- EXPERIMENT
easy AIN nucleation and crystal orientation/polarity A. Crystal growth

6-9
control. AIN buffer layers were first deposited on Si polarity

I?rewously, we have grown AN by s_ubhmatlon using a (0001 6H-SIC substrates in a vertical MOCVD induction
semisealed tungsten crucible in a resistively heated tungsten

. . . heated reactor. TrimethylaluminufTMA) and ammonia
furnace and investigated the effect of substrate preparatio o .
oo . U\IH3) were utilized as Al and N sources, and Pd cell puri-
on the sublimation growth of AIN at about 1800 °C and 400fied H, was the carrier gas. The buffer layers were deposited
Torr on (0001) 6H—-SiC!° Three problems with using 6H— gas. Y b

. ) e . t 1000 °C and 80 Torr under,HHNHz, and TMA flow rates
SiC as the seed crystals were identified: the decomposition cgff 6 sim, 3 sim, and 60 sccm, respectively. An approximate

1.5 um thick AIN film was obtained foa 2 hrun. These AIN
dAuthor to whom correspondence should be addressed; electronic maiplflﬁered_6H_'SIC crystals were then used as substrates for
chemail@cheme .ksu.edu AIN sublimation.
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The experimental setup for the AIN sublimation growth
was described in detail in previous waotk'? Briefly, the Al

and N, vapor created by the dissociation of the hot polycrys- R

talline AIN source Ts~1900°C) was transported to a seed L

held at a lower temperaturel{~1800°C) in a tungsten Ul
crucible. Then adsorption/desorption took place at the sur- AIN . /w T t,

face of the growing AIN on 6H—SIC substrates leading to

crystal growth. The sublimation was carried out in an ultra- 6H-Si
. . -SiC

high purity N, atmosphere of 400 Torr. The temperature gra-

dient was maintained by a resistively heated tungsten ele-

ment and the pressure was automatically maintained at ¢

constant value. Sintered AIN with approximate 0.6 wt%

oxygen as the main impuritfas analyzed by a standard inert FIG. 1. Sketch of AIN/6H-SIC structure after cooling down.

gas fusion methgdwas the source material. AIN crystals

were grown for several tens of hours, producing AIN layers

greater than 20@m thick.

Y

y

contraction of AIN is greater than that of SiC, so the struc-
ture bends toward the AIN when it cools down, as depicted
in Fig. 1, whereR is the radius of curvaturé, is the length,
Raman scattering spectroscopy provides a noninvasivé/ is the width,t is the thickness, ang is the depth into the
method for measuring the stress in heterostructures with spg&ample from the growing surface.
tial resolution as small as &Zm. Micro-Raman spectra were AIN has the wurtzite structure, thus four of the six inde-
obtained using a Dilor XY micro-Raman system with the 514pendent elastic constan@; are needed to fully describe the
nm line of an Ar-laser as the excitation source. The crystain-plane stress f,,) and normal stressof,,) along thec
was placed on its edge, so that the wurtzitaxis is perpen- plane* However, there is considerable variation in the lit-
dicular to the incident light. Raman light was measurederature values of these constants; e:9G13/(C11+Cyp) re-
through a polarizer to select the Raman light of perpendiculating e, ande, for biaxial stress ¢,,=0) known as Pois-
lar polarization to the incident light. The experiment is thusson’s effect;* varies by a factor of 1.7 Note that thermal
in x(y2)-x orientation, i.e., light incident in the direction, ~ Stresses in the epitaxial layers are biaxial by nattire
polarized in they direction, Raman light was measured in contrast, the isotropic elastic constaktsan be determined
the x direction, polarized in the direction (where thez ~ Within only moderate uncertainties. For many purposes, it is
direction is the wurtzite axis). Note that in this orientation, convenient to assume isotropic elastic moddfuFhis as-
the E; transverse opticdlTO) mode is excited uniquely. The sumption was adopted here using elastic moduli values of
physical size of the laser spot at optimum focus is about 1-329.7 and 444.0 GPa for AIN and SiC, respectivélfthe
um. The measured Raman light is excited from this region. I€ffect of the temperature on the elastic moduli was ignored.
can be used as a rough measure of spatial resolution. The The stress distribution for heteroepitaxial structures can
spectral resolution is a limit of accuracy of the spectrometebe formulated using the following equations for force bal-
itself, and is 0.1 cm®. Raman spectra were taken at 2  ance, momentum balance, and equal lattice constants at the
intervals along the edge of the cleaved AIN film/6H-SiC interface’® There are a total of N+1) equations for the
cross sections. The intervals were set by physically movingariables: the forcé&; in each layeii and the radius of cur-
the microscope stage and measuring the distance of the laségtureR. In our caseN=2 for an AIN on the SiC structure
spot from the top surface.

B. Characterization

N
> Fi=0, )
IIl. THEORY i=1
A. Stress model formulation N 3 i
Eitiw N
Due to the high sublimation temperature and difference .21 1R +Fi;1 (tj— Eti)} =0, 2
in thermal expansion coefficients, large stresses are intro-
duced into both the AIN film and the SiC substrate on cool-  N-1 E. E. 1
ing to room temperature in the plane. Thus it is important > (ei—gii1)= e S == (ti+tiq).
to understand the temperature and thickness dependence of =1 BiraWhp EWHL 2R
stress and the minimal thickness to prevent cracks from €
forming in the AIN deposited on SiC substrates. The thermal strain is expressed as
We assume there is negligible AIN deposition when the
temperature is initially increased in the furnace. Stress is a—ay '
only introduced due to the mismatch of thermal expansion  “i™| "3, | = fh dT, @)

when the composite AIN/6H-SIC is cooled to room
temperaturé® The lattice mismatch stress is relieved duringwhere the lattice parameter at higjhdicated by subscrigt)

the initial growth by the incorporation of defects such asor low (indicated by subscrigf) temperature is obtained by
threading dislocations in the crystal. On cooling, the thermathe temperature-dependent thermal expansion coeffieient
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TABLE |. Room temperature Raman-active phonon frequencies tgrof
AIN grown by different methods.

Crystal on as-
received 6H-SIiC

Values from
Ref. 21

Crystal on AIN

Symmetry buffered 6H-SiC

E,(low)
E,(high)
A(TO)
A4(LO)
E,(TO)
E;(LO)

657
610
890
670
912

652 653
892 891

which is described by the multifrequency Einstein mddel.
This first principle theory can predict lattice parameters to
0.01%.

Strictly speaking, to calculate the stress used in (Bj.
requires the actual lattice constants at the interface at the
growth temperature—that is the strained values of the lattice
constants in the composite structure, as opposed to uncor
strained crystals. For simplification, the entire strain at room
temperature was assumed to be only due to the change i
lattice constants with temperature—that is the strain is cal-
culated from Eq.(4). Our simulation shows only a small

error (<2%) was introduced by directly using thermal strain

in Eq. (4).

The thickness variation is also a factor for stress besides

the force itself as expressed by two terms in Ej.

Fi E ti)
y 2]

o=+ =
y tiW R
If cracking occurs, the stress at the 1¢2. SiC-AIN
interface (=t;) should be equal to the critical cracking
(tensile stresso.

_F Eu
taw 2R
No measurements of the critical tensile stres$or pure
AIN crystals have been reported. A value of 266 MPa take

from the reported value for polycrystal ceramic AIN was
used in this work?

©)

(6)

O¢

B. Relationship between Raman frequency shift
and stress

A complete first-principles calculation of the phonon de-
formation potentials in wurtzite AIN was given in Ref. 14. In

AIN E(TO) FWHM, cni!

AIN E;(TO) FWHM, cni’
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FIG. 2. FWHM profile ofE;(TO) frequencies of AIN grown on(a) as-
received 6H-SiGQh) 6H—SiC with AIN epilayer.

IV. RESULTS AND DISCUSSION
A. Raman data

In wurtzite AIN, group theory predicts eight sets of pho-
non modes: E,, 2A;, 2E; and 2B, of which bothE, sets,

bne A; set and oneée; set are Raman active, while thgy

modes are silerfé Due to the different quality/impurity
level/stress of the various AIN films or bulk crystals, there
are some mismatches for those mode positfdrigable |
shows Raman frequencies of unstressed?Atgether with
those measured at the AIN sample surface grown by different
methods in this work at room temperature.

Table | shows that the Raman peak positions are essen-
tially the same for AIN grown on AIN buffered or as received

the range of the validity of Hooke’s law, the magnitude of the6H-SIC substrates at the same growth condition and growth

frequency shift for each phonon mode=A; longitudinal
optical (LO) and TO,E; (LO and TO, andE, (high and

time, although there is significant growth-mode difference
for these two substraté.Stress during growth appeared to

low) is determined by the two deformation potential constantoe relieved by the introduced threading dislocations and was

a, andb, in the case of given strain, or I8, and®b, for
given stress, respectively,

(@)

In this work, the E;(TO) mode (nominally at
670 cm )2 was used to detect the stresses onctppiane of

A(I))\: Za)\SXX-F b)\szzz Z’ékUXX+BKUZZ'

independent of the growth mode. Full width half maximums
(FWHMs) of E;(TO) frequencies for AIN grown on as re-
ceived 6H-SIiC and 6H-SIC with the AIN epilayer decrease
with increasing thickness, as illustrated in Fig. 2, indicating
that the crystal quality improves with the AIN layer thick-
ness. Figure 3 shows typical Raman signals for AIN grown

AIN since there is no SiC mode near it. In this case, the valuen 6H-SIC recorded on the front and back surface of the

A, equals—1.29 cm Y/GPa.

sample in thez(x)-z polarization.
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FIG. 5. Measured position of the AIN;(TO) Raman mode and calculated

-1
wavenumber [om"] biaxial stress along the sample depth with AIN thickness 268and re-
sidual SiC thickness 3zam cooling down from 1820 °C.
FIG. 3. Atypical Raman spectra fofa) 6H—SiC and(b) AIN on 6H-SiC.

well with the experimental results. This illustrates that the
B. Stress analysis approximations made in the model are justified.

Figures 4 and 5 present measured AMTO) Raman
position and corresponding biaxial stress determined usinf- Stress distribution simulations
Eq. (7) along the sample depth, where depth means sur- The simulated stress distribution in AIN/SiC heterostruc-
face. The Raman frequency position for stress-free bulk AINyres as functions of film and substrate thicknesses and
(grown by free nucleationis 669.7 cm*. The frequency growth temperatures are displayed in Figs. 8 and 9. Positive
shifts are positive at the growing surface and negative at thga|yes correspond to tensile stresses and negative values cor-
interface with SiC. This results from the compressive stresgespond to compressive stresses. The surface of the AIN
(negative at the surface and tensile stregmsitive) at the  |ayer corresponds to the free surface upon which growth oc-
interface, a consequence of AIN's larger thermal expansioRyrs. The surface of the SiC corresponds to the backside of
coefficient than SiCs, and cooling from the growth temperathe SiC substrate, opposite of where AIN growth takes
ture to room temperature. In addition, the frequency shift anghjace—that is, it is the carbon face of the SiC substrate.
stress distribution along the sample edge were approximately The dependence of the stress at the top free AIN surface,
linear. There is a slight flattening of stress near the surface ghe surfacebackside of the SiC, and the AIN/SIiC interface
the sample depicted in Fig. 5, whose cause still remains unin poth the AIN and the SiCon the AIN layer thickness is
known. displayed in Fig. 8. At the AIN/SIiC interface, the AIN is

Applying the stress model developed above, the stresgnger tensile stress and the SiC is under compressive stress
distributions on the two samples investigated by Raman wergy the entire AIN layer thickness consideréab to 10 000
determined, from which the theoretical Raman positionsﬂm)_ For an AIN layer thickness less than roughly G,
were obtained. Figures 6 and 7 compare the experimentghe stress in the AIN at both the surface and the interface are
stress distribution with the theoretical one. The results fokne same sign; both are under tension. For thicker AIN lay-
both AIN samples deposited AIN buffered 6H-SIiC and as-ys, the stress has opposite signs in the AIN at the surface and
received 6H-SIC reveal that the model prediction agrees
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6110 Simulation
F B Experimental Raman frequency — 0.40 0.40
w6705 - A Bigxial stress __.-" i 5:
S S e « <
S c & T — 020 g & 020
< - T A [T] @
S o0l _| T & . 4 & 4
£ r A oA £ &
2 + e g
2 Fr— === === = 000 W = 000
& sos|- K . | = “
g F A 5 a
[l C A —{ 020 B -0.20
Z 6690 |-
< r i
F i -0.40
668.5 [~ 040
s68.0 E—— I . ! . I . 060 -0.60 L1 L] R
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50 100 150 200

o

Depth into AIN sample, um Depth into AIN sampleum

FIG. 4. Measured position of the AIH;(TO) Raman mode and calculated FIG. 6. Comparison of experimental and theoretical biaxial stress along the
biaxial stress along the sample depth with AIN thickness 48Y and re- sample depth with AIN thickness 18Zm deposited on AIN buffered SiC
sidual SiC thickness 9@m cooling down from 1780 °C. and residual SiC thickness 9dm cooling down from 1780 °C.
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FIG. 7. Comparison of experimental and theoretical biaxial stress along the 1.40
sample depth with AIN thickness 258n deposited on as-received SiC and 120

residual SiC thickness 32m cooling down from 1820 °C. -
1.00

- ) Growth temperature 1800°C ~ ~-" Surface
N Interface

SiC thickness 200 um

0.80

interface; the interface is still under tension but the surface is g 060

under compression. In addition, the magnitude of the stress
at both positions in the AIN does not vary monotonically
with the AIN layer thickness, but exhibits extrema. 0.00
Figure 9a) shows the dependence of the stress at the -0
AIN surface and the AIN/SIC interface with the AIN layer -0.40
thickness for two growth temperatures, 2000 and 1600°C.  gel— ol ol il 0 100
As might be expected, the larger temperature chdtig is, 0 _"’" 1000 oo
cooling from 2000 °C) introduces a larger stress in the AIN. AIN thickness,m
.For example, for a 106 tr."Ck AN Iayer.’ at the AIN/SIC IG. 9. The dependence of stress distribution in AIN layer (@h:growth
interface the tensile stress is 0.1 GPa higher for the sampfgmperature anéb) residual SIC thickness.
cooled from 2000 °C than for the sample grown at 1600 °C.
Figure 9b) shows the dependence of the stress at the AIN
surface and the AIN/SIC interface with the AIN layer thick- achieved by increasing the AIN thickness to reduce the stress
ness for two residual SiC substrate thicknesses, at a fixegk the interface. Below this thickness, the AIN interface suf-
growth temperature of 1800 °C. The two curves have similafers a stress greater than the critical value and hence cracking
shapes and magnitudes, but the curve shifts to a higher Aliccurs. From Fig. 8, we predict that the deposited AIN layer
layer thickness as the residual SiC thickness is increaseﬂqickness must be |arger than 2 mm to eliminate the cracks
The minimum stress at the AIN surface occurs at p@@for  for the residual SiC substrate thickness of 10t for the
the thick residual SiC, compared to 1@n for the thinner  growth temperature of 1800 °C. From Fig. 9, it is obvious
residual SiC. that this AIN critical thickness increases with the increase of
To prevent cracking, the stress in the AIN must not eX-growth temperature or residual SiC thickness. Of course, this
ceed its critical CraCking stress of 266 MPa. This can qu approximate due to the S|mp||fy|ng assumptions made in
the model. In addition, there is a limitation that this model
cannot predict cracking density.

0.40

Biaxial stress, GPa

--------

0.20

—

1.50

SiC thickness 100 pm ~ ceeceea Surface
Growth temperature 1800 °C Interface

V. SUMMARY AND CONCLUSIONS

Cracks due to the lattice and mainly large expansion
coefficient mismatch were observed in AIN crystals depos-
ited on 6H-SIC substrates. A theoretical model was pre-
sented to calculate the stress distribution in the heterostruc-
ture of AIN grown on 6H—-SIiC based on the thickness and the
growth temperature. The stress introduced during the growth
is negligible compared to the stress created by the thermal

LAREEREREE RENN

Biaxial stress, GPa

-1.00

o vl e et i e expansion mismatch during cooling down. The presence of
1 10 100 1000 toooo an AIN buffer layer deposited by MOCVD does not change
AIN thickness, pm stress distribution. Good agreement was found between the

FIG. 8. The dependence of stress at surface and interface of the AIN—SiI',heoretlcaIIy and experlmentally determined stress distribu-

layers on AIN thickness for a growth temperature of 1800 °C, a postgrowtiONs in the_ AIN grown on SiC as function of sample depth.
temperature of 20 °C, and SiC thickness of 108. It was estimated the AIN must be that at least 2 mm to
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prevent cracking in the AIN layer, due to its low critical °L. Liu, B. Liu, Y. Shi, and J. H. Edgar, MRS Internet J. Nitride Semicond.

cracking stress at such high growth temperature. Res.6, 7 (2001).
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