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Effect of crystal orientation on the implant profile of 60 keV Al
into 4H-SIC crystals
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4H-SiC wafers of orientation€0001) and (11D) were implanted with 60 keV Al in different

major axial, planar, and low symmet(random”) directions to ascertain the degree of channeling
and to determine the optimum tilt conditions for ion implantation. Significant channeling was
observed for all axial directions with tHd120] channel exhibiting the deepest channeling with a
maximum penetration depth 45 times greater than the projected range of the random implants.

Significant channeling was observed for {1420} and especially th€0003 planar channels while

the implants in th€1010} planar channels did not differ from the corresponding random implants.
To minimize channeling if000Y) crystals, our results show that beam alignment normal to the
surface is advisable for off-axi®001) wafers with the miscut towar@120), while tilting of the
wafer is necessary when the miscut is towgt@10). For the (11B) material, channeling can be
minimized by a tilt of=10° toward thg 0001] direction. © 2003 American Institute of Physics.
[DOI: 10.1063/1.1569972

I. INTRODUCTION structure. In this study, we report on the effect of crystal
orientation on the implantation profiles of Al in botB001)
Silicon carbide is a promising wide band gap semicon-and (11D) oriented 4H-SiC wafers.
ductor for applications in high power, high frequency, and
high temperature devices. One of the key challenges in sili-
con carbide research will be the implementation of ion im-!l- EXPERIMENT

plantation processing in device fabrication. Commercial  |mplantation of 60 keV Al was performed at room tem-
(000D wafers are generally offered with a miscut of perature into 4H-SiCn-type substrates from Cree Inc.
3.5°-8.5° to facilitate epitaxial growth. Currently, the off- through a circular aperture of 4 mm in diameter. The beam
axis miscut is either toward thel120) or (1010) directions  divergence was<0.08°. Alignment of the crystals was per-
depending on the suppli&f Thus, implanting normal to the formed by registering the backscattering yield of a 1.46 MeV
wafer surface is equivalent to a tilt of the crystal in theH" beam using a solid state detector mounted close to the

{10?0} or {1150} plane, respectively. It is unclear whether incident beam direction. The orientation was determined by

implantation normal to the wafer surfaces of these configu’0ting the angular dip6.e., decrease in current with change

rations is adequate for minimizing channeling effects inof tilt) associated with the planes orthogonal to the crystal

(0001 4H-SIC wafers. A few studies have been directed todirection of the sample. Wafers of two different orientations

the effect of channeling in the ion implantation of silicon were used(0003) with an off-axis miscut of about 8° toward

carbide in (0001 6H-SiC crystals, both theoretical and [1120] and on-axis (11@). Simulations were performed us-
experimentaf~® However, the effect of the miscut in a pla- "9 & blnarylocoll|5|oq approximatiotBCA) program code
nar orientation on channeling is unclear. Further, for lateraf@/l€dSIMPL™"to predict implantation profiles for various tilt

metal—oxide-field effect transistors fabricated on (Q)L2H- anglgs along the major planes close to two main wafer ori-
SiC crystals, a substantially enhanced electron mobility irfNtations namely thed00) and the (11B).
the inversion channel compared to that(600) wafers has _ For the(0001) wafers, the samples were mounted on a
been reported Yet, there has not been any reports regardin ilt-rotate two axis goniometer with the rotation axis close to
ion channeling ir’1 conjunction with ion implantation of he incident beam direction and the tilt axis in the vertical
(1150) SiC wafers, a direction with a very open channeIaXiS‘ The thre¢1120} planes orthogonal to th@002) plane
could be mapped at 60° to each other by the large angular
dips recorded in the backscattered signal. Each of the three
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N-0316, Norway. between two adjacen{1120} planes, was registered as
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FIG. 1. Stereogram showing the geometry used for the different implants in 00 05 1D0e th 1)5 20 25
the (a) (0001 and(b) (113)) wafers. (b) P (um
10'a Tilt angles from [0001] in the (1700) plane —~—0
o~ ----2
smaller dips in the backscattered signal compared to the g q( SR CEE 5
ey . . . . ] ke ————— 6
{1120} planes. This is consistent with the fact that the § w0y ey L -9
(1010) direction has less open channels compared to the I I T ]i
(1120), the latter being equivalent to t{&10 channels in R I T e 17
the cubic silicon lattice. The location of alternating (032 ,
— . 107
and (10D) planes at every 30° made us choose a plane in
between adjacent (102 and (10D) planes as the “ran- 10° T G SE:
dom” plane. The convention used for the crystallographic 00 05 1.0 1.5 20 25

planes with respect to wafer orientation and major flat is Depth (um)

illustrated in Fig. 1a). Five different directions were chosen g, 2. (a) SIMS profiles of 60 keV Al implanted samples tilted at various

for implantation, namelyi(a) the [0001] direction, (b) the  angles in planes described around|[ib@01] axis (b) Monte Carlo simulated

[1153] direction. 17° tilt in the (1_])0) plane (c) 9° off profiles of 60 keV Al implantations comparing various tilt angles from the
. — B - [00071] axis in the (1D0) plane.

[000]] in the (1100) plane,(d) 8° off [0001] in (1210)

plane, and(e) 8° off [0001] halfway between (100) and

(1210) planes. The latter implant will be referred to as thediameter, in the center of the sputtered crater. Since the im-
“ (0001 random” implant. These directions are clearly indi- planted dose over the 8m analyzed area was estimated to
cated in the form of a stereogram in Figal be constant within the experimental accuracy 10%),

The (11_20) wafers have two orthogonal planes to this SIMS analysis could be used to determine the implantation
direction, namely th¢0001) and (1100) planes and the con- distribution locally. In this way profiles with varying implan-
vention used for the geometry of the sample with respect téation dose could be obtained from each sample. The damage
the[1120] wafer normal and the laser mark is illustrated in fes!““”g .from the focugeq H beam=@ mm in diameter
Fig. 1(b). For this orientation, we observed significant dips indurlng alignment was visible as a dark spot and that area

the backscattering signal with t{6001) plane while minor g;l:rl]d Iéhfr:?afrozﬁ bdeurié:]vogel\(} Sir;n::esi?v'\\fass ?;a;ﬂrignnecrgfﬁ
dips of about 25% was observed for the (D) plane. For b ging 9 y

iy ) } with these samples, most likely due to damage caused by the
the (11) wafers, a double tilt goniometer was used 0jntense H beam during alignment. To compensate for sample

align the sample to four chosen orientatiot®:[1120] di-  charging, 9 keV electrons were flooded over the sputtered
rec_tion, (b) 10° tilt in the (000D plane,(c) 10° tilt in the  area during SIMS measurements.
(1100) plane, and(d) 10° tilt in the plane between the

(OOO:D and (]._DO) planes(forming an ang_le of 55° with the IIl. RESULTS AND DISCUSSION

(000) plane later referred to as the “(11) random” im- ) . ) )

plant. These orientations are clearly labeled in Fig).1 ~ Figure 2a) shows the Al profiles of the various implants
After alignment, the H beam was substituted to 60 keVIn (000)) SiC wafers. For easier comparison, the SIMS pro-

Al~ and the samples were implanted to a nominal dose ofles have been normalized with respect to their respective

5% 10 em~2. The use of an unscanned beam resulted in &0Ses. The individual profiles chosen for this plot represent

variation of implanted dose over the sample surface, ranging§®S€s below those where dose dependence effects were ob-

from 5x 102 to 1.6< 10 cm~2. Depth profiles of the im- Served as will be discussed later. The on-axis implant shows

planted Al was obtained by secondary ion mass spectromet/ Very broad profile in aggreement with previd@01] im-

(SIMS) using a Cameca imsfdinstrument. The SIMS pro- plant profiles in 6H-SiC: Furthermore, th¢1123] channel

files were determined using a primary sputtering beam of ®ives a more than two times deeper profile than [0@01]

keV ®(0,) " ions rastered over an area of:880 um?. The  channel, but the_fraction of channeled ions is smaller. A tilt

detected Al ions were collected from an area,8n in  of 8° in the (11®) plane shows a slight, but significant
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noted that these recommendations are only valid for 4H-SiC
10° off [1120] in the (0001) pane Slnc|e(0?g])5°6H(SSIC is nlo;_mally rC1Ut V\t/;;[htatl;mﬁiler o:‘f-e_ms t
—a— 10° Off [1120] in the (1100) plane angle of 3.5°. Our simulations show that this tilt angle is no
—o— 10° off 1120} in the piane 55° large enough to minimize channeling in tf@01) channel, _
at least not for 60 keV Al. Furthermore, the choice of tilt
angle is a little more delicate for 6H- than for 4H-SiC since
the[1123] axial channel is much closer {6001] in 6H-SiC
(11.6° in the{1010} plane. With regards to on-axis (109
4H-SiC material, implantation normal to the wafer or with a
‘ PLEAL SRR ¥ & 5 @ qRo IR, tilt of the wafer toward th¢1100] direction is not advisable.
00 05 10 1'5Dept%10( ”m)2'5 30 35 40 Instead a tilt toward0001], or in some plane between the
(1100) and(000J) planes, should be used. Our simulations
FIG. 3. SIMS profiles of 60 keV Al implanted samples tilted at various further Suggest that a tilt angle of at least 10° should be used

angles in planes around the120] axis. for (115)) substrates to minimize the channeling in the wide

[1120] axial-channel.

broadening of profile compared to th@001) random As mentioned earlier, implantations with varying dose
sample, while the sample implanted at an angle of 9° in thevere obtained from each implant. Figure 4 shows the varia-
(1100) plane shows no trace of additional channeling in thation of Al distribution with implanted dose for t{€001], the
plane. 9° off [0001] in the (110), and[1123] implantations. In

Computer simulations within the BCAwere carried out  Fig. 4(a), the two lower doses showed identical Al distribu-
at various tilt angles around tH@001] direction and Fig.  {jons if normalized with the dose. For higher Al doses, the Al
2(b) shows the simulated Al distributions for different tilt isyripution at the end of the channeling tail saturated at the
angles in the (100) plane. The simulated implants are in same level with a larger fraction of the implanted Al located
good agreement with the experimental profiles and also showqund the depth of the projected range for a corresponding
that the profile shape is rather insensitive on the tilt angle for5nq0m implant. This is consistent with previous repoarsd

tilts between 5° and 12°. The profiles of these implants alsqg a¢ripyted to dechanneling at interstitial type defects cre-
coincided with the simulated0001) random implant(not ated by the preceding ions. For t@001 wafers, a clear

shown, in agr.eement with .the experimental r.esult. In_furtherdose dependence was observed for sample implanted either
agreement with the experimental SIMS profiles, [ti&23] in the [0001] and[ 1123] axial channels, Figs.(d) and 4¢)

axis implant displayed a deeper channeling tail compared to , , — ' - 7
the channeling tail observed for the on-aj@901] implant. ~ resPectively, or in the (119 planar channel implantations
Previously, Albertazzi and Luflireported that Monte Carlo While the remaining implants exhibited no dose dependence
simulation of ion implantation in 6H-SiC showed a peak in for the studied dose range. We note that the remaining im-
the degree of channeling at a tilt angle of12° in the plants displayed distributions close to the Al random profile.
(1010) plane which is incidentally close to ti@123] axial This behavior is exemplified in Fig.(8) for the implantation

direction in 6H-SiC crystals (11.6° tilt in thgL010} plane. ~ 9° ©ff [0001] in the (10D) plane. There is a distinct vari-

—o— On Axis [1120)

away from (0001) plane

A’

JE— B . 3 _2 .
implies that the[1123] channel in 6H-SiC is an equally Jence is observed but typically, a dose-of X 10 cm™2 is
important channeling direction as in 4H-SiC. low enough to avoid a dose effect in all of_ the studied cases.

The normalized profiles of thédose-independenim- In contrast to the implants performed in tf@00J) crys-

plantations in the (ﬁﬂl) material are shown in Fig. 3. For tals, we did not observe any significant dose dependence for

this crystal orientation, the on-axi4120] direction showed MOst of the implants in the (119 wafer. However, the im-
a significantly broader profile compared to the on #8301]  plant distribution for the implants in the (102 wafers are
implant[compare square symbols in FiggaRand 3, with a  relatively broader compared to the implants in (@901
maximum penetration 45 times deeper than the projectedafers. This in itself results in a dilution of the damage and
range of the corresponding random implant. Around thiscan therefore explain a higher threshold dose where the dose
axis, significant planar channeling is observed in the sampldependence is observed. Furthermd@)01] on-axis im-
tilted at 10° in the(000]) plane. In contrast, the sample tilted plants have been shown to result in significantly lower dam-
at 10° in the (1D0) plane showed an identical Al distribu- age concentrationcompared to random implants, since a
tion to the (11_2)) random implant. greater part of the ion energy is dissipated in electronic stop-
Our results clearly show that f¢0001) oriented 4H-SiC ping_for channeled ions. Thus, a lower damage buildup in the
crystals with an 8° miscut toward 120), implantation nor-  [1120] wider channel may explain a higher threshold dose
mal to the wafer surface is sufficient to minimize channeling.for dose dependent effects in the implants performed in the
This is not the case for off-axi€000) material cut toward  (1120) material. For these reasons, it is difficult to analyze
(1010), which should be implanted with a tilt of the wafer the dose dependence of the different implant directions sim-
relative to the beam to avoid planar channeling. It should bely by comparing the profile evolutions. Instead, we have
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Dose (107 cm?) - for the present 60 keV AJ000]] implant in 4H-SiC as for
10"} Dose (10" cm”) : 10"} 51 the 1.5 MeV[0001] Al implants in 6H-SiC presented in Ref.
49 a4 @1M000N 21 (b)g(‘;f{([)%‘;m] 8. More details about the simulations and the dose depen-
10" 2 100 \y dence of these implantations will be presented elsewhere.
10"} 10" IV. CONCLUSION
© © In summary, we have studied the range profiles of 60
{:: 10 10 keV Al~ implanted in various axial, planar, and random di-
2 o U s W AL s rections of 4H-SiC. For th€0001) wafers, tilting along the
% 0 02 04 06 0 02 04 06 (1100) plane did not result in significant planar channeling
§ in contrast to tilting along the (109 plane. The 1123] axis
§ was also shown to be a significant axial channel extending

approximately twice as deep as the implant alpgd@01]. For

the (11_20) wafers, a 10° tilt along various planes around the
main crystallographic axis resulted in the largest degree of
channeling along thé00J) plane with no planar channeling

observed for the implant in the (_DID) plane. Deepest chan-

neling was observed for thgl120] direction where the
deepest channeled ions penetrated 45 times deeper than the
' ; ] projected range of a corresponding random implant. These
Depth (um) results can be used as a guide in the choice of implantation
direction in order to minimize channeling, and as standards

FIG. 4. SIMS(solid lines and BCA simulatedhistogram profiles of 60  to be used in the development of ion implantation simulators.
keV Al implantations in 4H-SiC showing different doses f@ on-axis

0001], (b) 9° tilt from [0001 axis in the (1D0) plane, andc) [1123
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