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The deformation behavior of wurtzite GaN films modified by ion bombardment is studied by
nanoindentation with a spherical indenter. Results show that implantation disorder significantly
changes the mechanical properties of GaN. In particular, GaN amorphized by ion bombardment
exhibits plastic deformation even for very low loads with dramatically reduced values of hardness
and Young’s modulus compared to the values of as-grown GaN. Implantation-produced defects in
crystalline GaN suppress the plastic component of deformation and significantly change the values
of hardness and Young’s modulus. In addition, implantation disorder in crystalline GaN suppresses
both “pop-in” events during loading and the appearance of slip traces on the sample surface as a
result of indentation. This strongly suggests that slip nucledtather than a phase transformagion

is the physical mechanism responsible for the pop-in events observed during loading of as-grown
crystalline GaN. ©2001 American Institute of Physic§DOI: 10.1063/1.1335552

Gallium nitride is currently the subject of intensive re- To prepare an amorphous layer, GaN was bombarded
search because of the very important technological applicawith 2 MeV %’Au™ ions at liquid nitrogen temperature with
tions of this materiat. Several studies of the mechanical a beam flux of 5%10?cm2?s ! to a dose of 1.5
properties of as-grown GaN have been reported in the<10'®cm™2 Such implantation results in the formation of a
literature®~® However, to our knowledge, the effects of im- ~0.6 um thick, completely amorphous surface layer, as dis-
plantation damage on the deformation behavior of GaN haveussed in detail elsewhet®.lt should be noted that GaN
not yet been studied. This is not surprising since damageamorphized by ion bombardment exhibits some degree of
processes in GaN exposed to ion bombardment are still ngtorosity! which may also affect the deformation behavior
well documented in the literature. However, understandingf amorphized GaN discussed below.
the deformation behavior of ion-beam-modified GaN is not = The ion-damaged sample, with a relatively high concen-
only important for contact damage issues in the GaN industration of implantation-produced defec{®ut not amor-
try but is also necessary for understanding the evolution ophous, was prepared by multiple-energy bombardment with
the structural characteristics of GaN under ion'%Au ions at 300 °C. The implant conditions to prepare this
bombardment. sample are given in Table I. Given the present understanding

In this letter, we present results on the mechanical propef ion-beam-damage processes in GaN, such multiple-energy
erties of(i) crystalline GaN with a relatively high concentra- implantation at an elevated temperature results in the forma-
tion of implantation-produced defects affiil GaN amor- tion of lattice defects, including some planar defects, in the
phized by ion bombardment. Results show that, unlike thémplanted layer(up to ~1 um from the surface® It should
situation for Sit® implantation damage dramatically changesbe noted that, for the ion doses used in this study, the con-
the deformation behavior of GaN. centration of implanted Au speci€s.0.06 at. % is expected

A ~2 um thick wurtzite undoped GaN epilayer was to have a negligible effect on the mechanical properties of
grown on ac-plane sapphire substrate by metalorganicGaN. Rather, the deformation behavior of ion-beam-
chemical vapor deposition in a rotating disk reactor at Ledexnodified GaN should be determined by implantation-
Corporation. All samples used in this study were cut from
the same GaN wafgr. For this indentation StUdy’ two Sample?‘ABLE I. The implant conditions used to prepare the ion-damaged sample
were modified by ion bombardment—a GaN sample withpy multiple-energy bombardment wit§7Au ions at 300 °C.
implantation-produced defectgreferred below as “ion-

damaged” Gal and GaN amorphized by ion implantation. Energy 0303672 ggamfz'ufl
All implants were done using the Australian National Uni- (MeV) (107em ) (107em"s )
versity (ANU) 1.7 MV tandem acceleratdNEC, 5SDH. 6.6 5 5.2
2 7 18
0.45 3 17
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TABLE II. The values of hardnessd and Young's modulug at a plastic  poth pop-in events and slip during loading. This result sug-
penetration depth of 100 nm for the three GaN samples used in this studygestS that slip nucleatiomather than a phase transformation
GaN sample HGPa E (GP3 is responsible for pop-in events. In addition to suppressing
slip, implantation disorder in crystalline GaN also suppresses
as-grown 134 233 the plastic component of deformation, which may suggest
ion-damaged 15.1 164 C. . . .
amorphized o4 65 that slip is the major contributor to the plastic component of
deformation of crystalline GaN. The deformation behavior of
amorphous GaN is very different from that of as-grown crys-
lower than those of as-grown material. As expected, thdalline GaN. In particular, amorphous GaN exhibits plastic
value of E is not affected by Slip and remains essentiallyﬂOW even for very low loads. In addition, the values of hard-
constant for the whole indenter penetration déﬁthiow- ness and elastic modulus of amorphous GaN are much lower
ever, slip significantly affectsl of as-grown GaN, while in  than those of as-grown GaN, as indicated in Table II. Finally,
ion-damaged GaN slip is strongly suppressed, and, for largdhis study may have significant technological implications
depths of indenter penetratiad,becomes larger than that of for the estimation of contact damage in ion-beam-processed
as-grown GaN. Figure 3 also shows that the valugd ahd ~ GaN.
E of amorphized GaN are significantly lower than those of
as-grown and ion-damaged GaN; i.e., amorphous GaN iSiSee, for example, a recent review S. J. Pearton, J. C. Zolper, R. J. Shul,
very soft. Table Il gives the values &f andE for the three and F. Ren, J. Appl. Phy86, 1 (1999, and references therein.
GaN samples used in this study at a plastic penetration deptfM. D. Drory, J. W. Ager Ill, T. Suski, I. Grzegory, and S. Porowski, Appl.

hys. Lett.69, 4044(1996.
of 100 nm, a depth where the substrate effects are expect . Yu, H. Ishikawa, T. Egawa, T. Soga, J. Watanabe, T. Jimbo, and M.

to be small. o _ Umeno, J. Cryst. Growtti89190, 701 (1998.
Finally, a close examination of partial load—unload “I. Yonenaga, T. Hoshi, and A. Usui, Mater. Res. Soc. Symp. F586.
curves reveals that in ion-damaged GaN the purely elasti%W3i\?01(i99’a- o ws - W Lo <
. : . S R. Nowak, . Pessa, . Suganuma, . Leszczynski, . rzegory, o.
regime extends to h|gher Iogds_ and penetra’uon dep_ths than Mborowski, and F. Yoshida, Appl. Phys. L, 2070(1999.
as-grown GaN..Thls result indicates that implantation disor-sp_czeres, I. Vergara, R. Goniez, E. Monroy, F. Calle, E. Mioe, and
der in crystalline GaN somewhat suppresses pressure-F. Omne, J. Appl. Phys86, 6773(1999.
. . . 7 ol H
induced nucleation and/or propagation of extended defects,';"_- H. H:ﬂ”@:' A-RV- S"gmants- V. 010‘(’5;7‘32; gggb(elg;g- f\'ﬂs'ﬂo"ﬁk'- ar;d P.
. . . irouz, Mater. Res. Soc. Symp. Pré& ; M. H. Hong, P.
t_he processes which are most Ilkelg/ responsible _for the pIas—Pirouzl P. M. Tavernier, and D. R. Clarkibid, 622 (in press.
tic deformation of crystalline GaN® In contrast, in amor- s, o, Kucheyev, J. E. Bradby, J. S. Williams, C. Jagadish, M. Toth, M. R.
phized GaN, deformation response is elastic—plastic even forPhillips, and M. V. Swain, Appl. Phys. LetZ.7, 3373(2000.

very low loads, and, with increasing load, plaStIC deforma- S. O. Kucheyeyv, J. S. Williams, C. Jagadlshz J Zou, and G. Li, Phys.'Rev.
B 62, 7510(2000; S. O. Kucheyev, J. S. Williams, J. Zou, C. Jagadish,

tion dominates W'th_ p|Ieup_around_the impressi@s re- and G. Li, Nucl. Instrum. Methods Phys. Res(iB press.

vealed by AFM, typical for indentation of amorphous sol- 193 s. williams, Y. Chen, J. Wong-Leung, A. Kerr, and M. V. Swain, J.
ids. Such a difference in the deformation modes of as-grown, Mater. Res14, 2338(1999. _ '
ion-damaged, and amorphized GaN is also reflected by thea- % K;*C;‘ﬁyseV'Lgt'ti}V\’l”é'l'g?(;’bngagad'Sh'J- Zou, V. S. J. Craig, and G.
depths of residual depressideee Figs. 1 and)2and the 12J.’S.p,fié|d a):]d M. V. Swain, J. Mater. Res.297 (1993.

depths of maximum plastic penetratigeee Fig. 3 of the  3G. M. Pharr, Mater. Sci. Eng., 853 151 (1998.

above three samples. MR. Nowak, C. L. Li, and M. V. Swain, Mater. Sci. Eng., 253 167

; ; : o ; _ (1998.
In conclusion, wurtzite GaN films modified by ion bom 155lightly nonconstant behavior fd of ion-damaged GaN with increasing

bardment _have been StUdie_d by nanoindentation with a penetration depthisee Fig. )] may be attributed to a nonuniform dis-
spherical indenter. Implantation-produced defects suppresstribution of implantation disorder and/or to the substrate effect.




