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Doping-induced strain and relaxation of Al-doped 4H-SiC
homoepitaxial layers
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Department of Materials Science and Engineering, Carnegie Mellon University, 5000 Forbes Avenue,
Pittsburgh, Pennsylvania 15213

J. J. Sumakeris and M. J. Paisley
Cree, Inc., 4600 Silicon Drive, Durham, North Carolina 27703

(Received 18 March 2004; accepted 13 July 2004

Aluminum-doped 4H-SiC epilayers with Al concentrations in thex? 4'8-3.8x 10?° cm 3 range

were deposited on off-orientatig@001) wafers by chemical vapor deposition method and analyzed
using high-resolution x-ray diffraction, transmission electron microscopy, and KOH etching.
Reciprocal space maps @0008 reflection revealed two distinct peaks originating from the
substrate and doped epilayer. For Al concentration belowk3®° cm3, 10 um thick layers were

fully strained with thea-lattice parameter of the layer matching that of the substrate. The
equilibrium c-lattice parameter change versus doping was determined to be 1.840.%3" cn.

The basal planes of the epilayers were tilted in respect to the substrate in the direction of the offcut
with the tilt magnitude proportional to the doping concentration. The.d0thick layers with Al
concentration above 3:310°° cmi™3 underwent partial relaxation. Thelattice parameter of the
epilayer was higher than that of the substrate, the widtkh ahd 29 scans of(0008 x-ray peaks
broadened by a factor of 2 compared to strained layers, and the threading dislocation density
increased by several orders of magnitude. Since no inclusions have been found in the relaxed
epilayer, we interpret the above changes as due to strain relaxation by nucleation of dislocations. ©
2004 American Institute of Physid®OI: 10.1063/1.17896237

I. INTRODUCTION Doping concentration, which was measured by neutron acti-

Aluminum is commonly used as the shallow acce torVation technique, ranged from  20i0" to 6.0
Y PIOr 10?9 cni™3. The rate ofc-lattice parameter increase with

dopant in silicon carbide crystals and epilayers. Since th%loping concentration was determined to be>010 24 cimd.

activation energy of substitutional aluminum is about .
o ) . However, the authors assumed all the epilayers were pseudo-
250 meV, it is necessary to use very high doping concentra- . : . . .
. . Lo . morphic, which at high doping levels, layer thicknesses, and
tions in order to produce low resistivity material and reduce "
T ; . deposition temperatures does not have to be the case. Such
the on-state losses in silicon carbide devices. At the same ) .
. ) g - an assumption, if not correct, would lower the value of an
time, heavy Al doping of 4H-SiC is expected to cause lattice” =7~ . .
o : equilibrium (unstrainegl c-lattice parameter change.

misfit between the epilayer and the substrate because of the . - . . .

The lattice misfit leads to generation of dislocations

difference in atomic radii between Al and Si. Whenever the X L .
when the epilayer exceeds the critical layer thickness.

Al-doped layer exceeds a critical thickness, it is expected t?\/lathews and Blakesléand People and Be%propose d two

relax, |n(_1ucmg def_ect nucleation and a general Olegr"Jl(]l‘rmolnnodels that predict the theoretical critical layer thickness.
of material properties.

The experimental data on lattice parameter change Wiﬂ;]I'he Mathews-Blakeslee approach was based on mechanical

Al doping in 4H-SiC and 6H-SiC have been reported only by orce balance Wh"? that of_PeopIg and Bean on energy bal-
PR . ) . _Tance between strain and dislocation network formation. The
two groupd? while nitrogen doping of SiC has been studied

by many group§.‘5 Tajima and Kingery annealed mixed estimates of the critical thickness vary between these two

£-SiC and Al metal powders to prepare the SiC:Al material.mOdeIS by about two orders of magnitude. The experimental

The Al concentration in annealed samples, which was meaqata on the onset of layer relaxation in Al-doped 4H-SIC

. . 0 would help to define the limit of doping concentrations and
sured by emission spectroscopy, was in thex018?°-3.5 . . . ) ;
0. 3 . . layer thicknesses beyond which high Al-doped SiC epilayers
X 1079 cm2 range. X-ray powder diffraction scans showed .
: . . . : will begin to relax.
linear increase of-lattice parameter with Al-doping concen-

tration and rate of increase of ZAL02* c?. However, the In this work, we focused on precise determination of the

paper does not describe the structural characteristics of tr{%tt'(.:e param.eterl changg v.ersus doping and the onset of the
rain relaxation in 4H-SIiC:Al.

material. For the sample preparation technique used in Ref.

1,_ one co.uld expect nonuniform algmlnum d|str|bqt|on in the”_ EXPERIMENT

SiC matrix and appearance of mixed polytypes induced by

annealind’ Kyutt, Mokhov, and Tregubovaanalyzed subli- The series of 1Qum thick Al-doped 4H-SiC epilayers
mation grown 6H-SiC epitaxial layers doped during growth.were deposited by chemical vapor deposition @90D-
The thickness of the epilayer was in the range of 1-48@  oriented undoped semi-insulating 4H-S{& offcut toward

0021-8979/2004/96(8)/4637/5/$22.00 4637 © 2004 American Institute of Physics
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Points represent experimental data. The line was obtained by the least

. . . es fit.
FIG. 1. The reciprocal space map f@008 reflection of the 4H-SiC squares @

sample with 10um thick epilayer(N =1.0x 10?° cm®) deposited on un-
doped substrate. The contours are plotted at 7% increments. . . . . .
side of Fig. 3. This assignment was determined based on

_ measurements of relative peak intensities(fi04), (0008,
[1120]). The growth conditions have been described in detaigng (00012 reflections. The Bragg angld®) for these re-
elsewheré.The Al-doping concentration of the epilayers was flections were 17.85°, 37.65°, and 66.75°, respectively. Ac-
in the 7.4<10'°-3.8x 10°° cm™® range as determined by cordingly, the x-ray penetration depth is increasing along this
secondary ion mass spectrosc@yMS). The lattice param-  geries and the substrate peak intensity should increase in re-
eter change and tilimisorientation were measured by high- |ation to the epilayer peak. The shift of the epilayer peak
resolution x-ray diffraction using a Philips X'Pert MRD in i5vard a lower angle corresponds to increase ofctiatice
triple-axis X-ray mode?” The c-lattice parameters of epilay- parameter value with aluminum doping. This result is in

ers and substrates and the tilt between epilayer and SUbStra&Sreement with the previous observation of SiCtREfs. 1
were obtained from the nearly symmet(@008 reflection, and 2 and the fact that the radius of Al iofi=1.26 A) is
while a-lattice parameter was obtained using the asymmetri?arger than that of Sir=1.17 A).11

(1017) reflections. The molten KOH etching at 500 °C for  'n aqdition to the shift in 2 coordinate, Fig. 1 also
10 min was used to determine the dislocation density insho\ys that the two peaks are located at the slightly different
strained layers. Similar information on relaxed layers was, \,5iues. The difference in the sample shown in Fig. 1 is

obtained by transmission electron microsc@pM) carried g g arc sec. This indicates that the basal planes of the ep-

out on Philips EM420 and JEOL-2000. Plan-view and Crossjj,yer are tilted in respect to the basal planes of the substrate.

section samples were prepared using standard proceduresSince the relativew position of the substrate peak in the
off-cut direction is lower than that of epilayer peak, the ep-
Il. RESULTS AND DISCUSSION ilayer is tilted in opposite direction to the offcut. Thespace
maps of(0008 reflection collected with the wafer rotated by
90° (the w axis of the diffractometer oriented parallel to the
In samples with the doping concentration aboNg  Off-cut direction did not detect any measurable tilt.
=2.5%x 10" cm™ two distinct peaks were observed in x-ray The experimental values of epilayedattice parameter
20/ » diffraction scans. Figure 1 shows the representativeehange as the function of aluminum concentration are shown
reciprocal space map fo0008 reflection of the sample with in Fig. 2. The peak position of the epilayer changes linearly
Np =1.0x 10%° cmi™® by using triple-axis geometry. The in- with aluminum content with the slope of 1.8+0.7

cident beam was directed alofig120] and opposite to the X104 cm®. For the samples belowl, =3.3x 10?° cm®
off-cut direction giving the incidence angle of 45.65°. The shown in Fig. 2, the threading dislocation density is about
FWHM (full width at half maximum of both peaks is about 5X 10* cm™, which is a typical density found in high quality
20 arc sec for bottw and 2/ » directions. These values are 4H-SiC substrates. The dislocations in the epilayers were,
typical of high quality silicon carbide crystaisuch as Lely therefore, due to propagation of dislocations from the sub-
platelets and indicate absence of low angle grain boundariestrate as expected in homoepitaxy. FWHM of the epilayers is
as well as low overall dislocation densities in the substrat@ébout 20 arc sec, which is also in consistent with high crys-
and the epilayer. The reflections of the two peaks in Fig. Zalline quality of the material. This leads us to conclusion
are separated along thé axis by~90 arc sec, which shows that these epilayers are fully strain@a pseudomorphic

that thec-lattice parameter of the epilayer is different from From the experimentat-lattice parameter change of
that of the substrate. Of the two peaks, the reflection from thstrained layers, one can calculate the values for the relaxed
epilayer is located at the smallep 2ngle(on the left-hand lattice parameters. Assuming a biaxial stress state in the ep-

A. Pseudomorphic layers
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ilayer, the relatioff of the strains ok in the growth direc- 24 =
tion and eyx in the basal plane is given in the hexagonal -
system by 20+
Cr— Cs ’g 16+
o
S_ZZ:L:_&, (1) 8121 e
Exx & ~das Cas E / .
8 - .
a //

wherec, anda, are equilibrium(unstrainedl lattice param- 44 7
eters of the Al-doped 4H-SiC ard andag are the values for g

the Al-doped film strained to match the undoped substrate. ooo 05 10 15 20 25 30 35 40 45

The value ofa, the in-plane lattice parameter of the epilayer, T AR o;oing Concentration (x}ozo)(;m.a)' '

is the same as that of the undoped 4H-SiC substrate used in

this study. Similarly,c, used below denotes thelattice pa-  FIG. 3. Degree of tilt between the basal planes of epilayer and the substrate

rameter on the undoped 4H-SiC13 and Cy; are the elastic Vs Al-doping concentration. Points correspond to experimental tilt angles
. Qi . . with line obtained from the formulé7) and experimental values of lattice

stiffness conlsztants of 4H-Sitt When the doped epilayer is | . e

fully relaxed:

G~ G total lattice parameter change can be expressed as the sum of
S G _ C11+C,—2Ci5 @ the size effect and the deformation potential contribution:
&x &~ Ca3-Cy3 ’ ﬁtotal — Bcarrier+ Bsize_ (5)
a

Cardona and Christens@rsuggested the contribution of the
free holes in the following form:

Bcarrier: ac,v/3Bv (6)

where g€’ is the free hole-induced lattice stragg,, is the
hydrostatic deformation potential of the valence band, Bnd
is bulk modulus. By fitting our experimentally obtaingg®"
c = &Cs ' (3y  We have estimated the value of deformation potertéial at

(1 +£13)a _2Cy3 0.37 eV. At this point in time, neither experimental nor the-

Css/ ' Cag 8s oretical values for the deformation potential in 4H-SiC are

available in order to compare with this estimate. One can use
the value calculated for the cubic polytype, which was ob-
tained by two different approaches at 4 and -1'é\he

where C;; and Cy, are the elastic stiffness constants of
4H-SiCY The c,, c,, a;, anda, were obtained from x-ray
experiments and, anda, are the only unknown values in the
above equations. Combining Eqgd) and (2) the relaxed
c-lattice parametefc,) and a-lattice parametefa,) can be
obtained from the following equations:

2C Cy1+Cpp-2C
13, o 4 T 12 13

0
a = Cas Cas~ Cus _ (4)  error in either one of these calculations was on the order of
<C11+ C12—2Cy3 1)(: te 4 2C13C few eV. Our experimental value is within this error.
Ca3-Cy3 S0 Cgp ° In many systems the lattice misfit is known to cause the

tilt  (misorientation between the epilayer and the
substraté®?*Two modeld®*® have explained such tilt, one
of which by Naga]i8 applies to pseudomorphic growth. The
E’It magnitude is given by a formuld

The slope(Be*®) of the equilibriumc-lattice parameter
change obtained from the Eq®) and (4) versus doping is
calculated to be 1.3+0:8107%*cm®. This value is more
than 30% higher than the values published in Refs. 1 and
and we believe is more accurate due to higher crystalline
quality of the structures and precise calibration of the SIMS
measurements. whereq, &, andAd/d are tilt angle, off-cut angle, and lattice

The experimentally determined value gP can be parameter difference between epilayer and the substrate
compared to the lattice parameter change calculated based along the growth direction, respectively. Figure 3 shows the
the size difference. Jacobsehal® have discussed the dop- experimental tilt angles obtained from the reciprocal space
ant size effect(8?9 on 4H-SiC lattice parameters doped maps on strained Al-doped epilayers. The values of tilt were
with nitrogen and we have adopted their approach. Assumingalculated using known 8° off-cut angle and experimental
the atomic radii of silicon and aluminum of 1.26 and 1.17 A, values ofAc/c. The calculated results, which are based on
respectively, the lattice parameter chan@g’d) is 1.1 the tilt angles of the pseudomorphic layers, are plotted as a
X 10724 ¢, The lattice parameter change obtained from thestraight line in Fig. 3. It is apparent that the effect suggested
quasicontinual mod& also is about 1.6 10724 cne. by Nagai agrees well with the experimental results for alu-

The difference between calculated value and the experiminum concentration up to 3x010°° cm3. The last point
mental one reported here can be due to the deformation peorresponding to the relaxed layer falls markedly below the
tential of the band edge occupied by the free hdleBhe  predicted value.

tan « =tane(Ad/d), (7)
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FIG. 4. The reciprocal space map @008 reflection of the sample with
10 um thick epilayer (Ny=3.8x10?°cm®) deposited on undoped
substrate.

B. Relaxation

The reciprocal space maps of layers with aluminum con-
centration above 3.8 10°° cm™2 have different characteris- ;
tics from those shown in Fig. 1. An example of(@0098 ()
reflect|0|j Obt_amed On. the layer witiy =3.8x 10°° Cm_s IS . FIG. 5. (@ Plan-view TEM image of the epilayer doped wib, =3.8
shown in Fig. 4. First, the FWHM of the epilayer is x 10?0 cni3. The short lines correspond to threading dislocations with esti-
45 arc sec, which is approximately twice the value of themated density of & 10° cm™ (b) Cross-sectional TEM image of the same
substrate peak and strained epilayers shown in Fig. 1. Th@Pilayer showing the epi/substrate interface.
peak broadening is likely due to random strains induced by
high dislocation density characteristic of relaxed heteroepi
taxial layers, resulting in the decrease of the epilayer peaky,, image shows multiple short dislocation segments with
intensity. The integrated peak intensity ratigayel lsubstrate the direction close to but inclined in respect to thexis. Al
is ~1.5 in relaxed layer and equal to that of pseudomorphiGyisiocations show a characteristic oscillatory contrast re-
layers. Second, the epilayer peak is located closer to the SuB’orted, for example, by Marukavid. The sample was
strate peak than what is expected from the experimental dgginneq from the substrate side and the observed dislocation
pendence for stral_ned layers in Fig. 2 and the alur_nlnum CONgensity was determined close to the surface of theutD
centra_ltlon determme_d by SIM_S. These cha}racterlsu_cs led USiicrons thick epilayer. The dislocation density wass
to believe that the difference is due to strain relaxation. The>< 10° cni2, which is about four orders of magnitude higher
presence of relaxation was confirmed by the measurement_grtlan that of the strained layers. Figur@Bshows the cross-
the a—Iattlc_:e pgrameters_ of the sub.strate and epilayer ingg tional TEM image of the same sample. The threading dis-
asymmetrio(1017) reflection. Thea-lattice parameter of the |ocations are visible as loops originating at the epilayer and
epilayer shown in Fig. 4 is=0.025% higher than that of the gypstrate interface and are inclined at the angle of about 20°
substrate. to the layer surface. All threading dislocations are inclined in

The calculated critical layer thicknesses by using Mat-the same “down step” direction corresponding to the step
thews and Blakeslee’s modeind People and Bean's mollel flow direction during epitaxy. This effect was suggested to be
using lattice misfit of 4.<10°* corresponding to thé\s  due to image force exerted on the dislocation by the mac-
=3.3x 10?° cm3, Burger’s vector ofo=§<1120), and Pois-  rosteps on the epilayer surfateFigure §b) also shows the
son’s ratio of 0.213(Ref. 25 are about 0.4 and 200m, presence of stacking faults in the heavily Al-doped epilayers
respectively. The experimental value discussed above igppearing as lines inclined by 8° to the epi/substrate inter-
~10 pum. face. The morphology of these faults and their origin will be

The dislocation density and distribution in all samplesdiscussed in a separate publication. It is worth noting that
were assessed by molten KOH etching and TEM. In strainedone of the TEM samples examined showed the presence of
layers(shown in Figs. 1 and)Zhe typical dislocation density second phase inclusions related to high aluminum content.
was 5x 10 cm?. The dislocations in the epilayers were, This indicates that even the 38L0°° cm™2 of Al concentra-
therefore, due to propagation of dislocations from the subtion is still below the solid solubility limit in SiC at the
strate as expected in homoepitaxy. However, the dislocatiogrowth temperature of 1500 °C. The degradation of epilayer
density in the sample shown in Fig. 4 was significantlyquality is induced by stress relaxation rather than formation
higher. Figure ) shows a plan-view TEM image along of aluminum carbide precipitates.

0007] zone axis of the epilayer with, =3.8x 10°° cm™3,

8€:/€:Z) ¥20T Aen €2



J. Appl. Phys., Vol. 96, No. 8, 15 October 2004 Huh et al. 4641

IV. CONCLUSIONS ®R. People and J. C. Bean, Appl. Phys. Let, 322(1985.
°0. Kordina, K. Irvine, J. Sumakeris, H. S. Kong, M. J. Paisley, and C. H.
We report the buildup of strain with increasing doping carter, Jr., Mater. Sci. Forur264—268 107 (1998.
concentration in heavily aluminum-doped 4H-SiC epilayers'°P. F. Fewster and N. L. Andrew, J. Appl. Crystallo@8, 451 (1995.
and the onset of strain relaxation. The critical ep”ayer thiCk'llL' Pauling, Nature of the Chemical Bond and Structure of the molecules

0 A3 ; and Crystals 3rd ed.(Cornell University Press, Ithaca, NY, 1960
Ee;ss folroAI conSttem of 3;'8 1,{(.)2 cm wasthesnmr? tfhd to b? 23 M. Wagner and F. Bechstedt, Phys. Rev6g 115202(2002).
elow lUum. Strain relaxation occurs throug € Nucle-13y p wirgorodsky and M. B. Smimov, Phys. Rev. &, 3993(1995.

ation of dislocation half loops. YA_ A. Kovlov and I. I. Parfenova, Sov. Phys. Solid Ste86, 441 (1988).
153, Yokota, J. Phys. Soc. Jpa9, 1487 (1965.
ACKNOWLEDGMENTS 8\, cardona and N. E. Christensen, Phys. Re\3B 6182 (1987).

™p. R. L. Lambrecht, B. Segall, M. Methfessel, and M. van Schilfgaarde,
This work was supported in part by ONR Grant NOS. phys. Rev. B44, 3685(1991).
N00014-02-1-0427 and NO00014-02-C-0302, monitored by‘*H. Nagai, J. Appl. Phys45, 3789(1974.
Dr. Harry Dietrich. 193, E. Ayers, S. K. Ghandi, and L. J. Schowalter, J. Cryst. Grokit8 430
(1991).
20A. Ohki, N. Shibata, and S. Zembutsu, J. Appl. Phgd, 694 (1988.
213, Kleiman, R. M. Park, and H. A. Mar, J. Appl. Phy84, 1201(1988.
2 J. Schowalter, E. L. Hall, N. Lewis, and S. Hashimoto, Thin Solid

Yo Tajima and W. D. Kingery, J. Am. Ceram. So65, 27 (1982.
2R.N. Kyutt, E. N. Mokhov, and A. S. Tregubova, Sov. Phys. Solid State
23, 3496(1981).

®H. J. Chung and M. Skowronski, J. Cryst. Grow®%9, 52 (2003. 23F|Ims 184, 437(1990.

“R. Okojie, T. Holzheu, X. Huang, and M. Dudley, Appl. Phys. L&&g, 5 K. Ghandhi and J. E. Ayers, Appl. Phys. LeS6, 1204(1988.
1971(2003. 25G. H. Olsen and R. T Smith, Phys. SFatus Solidi34, 739(1975.

®H. Jacobson, J. Birch, C. Hallin, A. Henry, R. Yakimova, T. Tuomi, and E. 265- Karmann, R. Helbig, and R. A. Stein, J. Appl. Phg$, 3922(1989.
Janzen, Appl. Phys. Leti82, 21 (2003. K. Marukawa, Philos. Mag. A40, 303 (1979.

5N. W. Jepps and T. F. Page, J. Microsk16, 159 (1979. 2’S. Ha, P. Mieszkowski, M. Skowronski, and L. B. Rowland, J. Cryst.
3. W. Matthews and A. E. Blakeslee, J. Cryst. Grovh 118(1974. Growth 244, 257 (2002.

8€:/€:Z) ¥20T Aen €2



