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Local structure and bonding of Er in GaN: A contrast with Er in Si
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X-ray absorption measurements from relatively high concentrations ¢fBrl at. % doped in

GaN films show that Er occupies the Ga site with an unprecedentedly short Er—N bond length.
Electroluminescence intensities from these GaN:Er films correlate with the concentration of Er
atoms that replace Ga, not with the abundantly present O impurities in the host. Simple chemical
concepts are used to explain each of these results and their striking difference from those obtained
for Er-doped Si. ©2000 American Institute of Physid$§0003-695(00)03320-9

The 1.54um luminescence observed in Er-doped semi-High, and nonsystematically, widely varying O concentra-
conductors has generated much interest due to its potentidbns for the individually prepared samples were found, as
utility in optoelectronics:?> The intensity of such near- shown in Fig. 1. However, no correlation of these values
infrared(IR) luminescence in Er-doped Sfpr example, de- with Er luminescence intensity in either the visible or
pends strongly on temperature, with significant quenching atear-IR regions was observed.

300 K. The intensity also depends sensitively on the amount Fluorescence-detection Hrs-edge extended x-ray ab-
of O present for reasons traceable to the local structure dforption fine structuréEXAFS) measurements from samples
Er® Specifically, in a Si host that is O poor, Er occupiescooled to <15 K (to minimize thermal disorder effects
neither substitutional nor interstitial sites, but instead breaksgvere obtained at the National Synchrotron Light Source
apart the Si bonds and forms optically inactive defectsANSLS) using the Bell Laboratories X15B beamline. Figure
precipitates resembling erbium silicid@.In a Si host thatis 2 shows Fourier transformet=T) EXAFS data from the

O rich, Er preferentially getters the O and forms soluble,GaN:Er sample exhibiting the strongest Er visible lumines-
optically active defects resembling erbium oxide. Thecence. The FT peaks correspond to coordination shells sur-
amount of O in Si thus affects not only the optical activity of rounding Er at distanceR’ (uncorrected for phase shifts

Er but the amount of Er that can be incorporated in Si byand typify the Er local structure, which is identified in Fig. 2
avoiding the formation of Er silicide precipitates. by comparison with the known peak assignments in the Ga

Gallium nitride has recently become the focus of study-K-edge EXAFS data from Gal.It is clear that Er substitu-
ing Er and other rare-eartRE) dopants for several reasohs, tionally occupies the Ga site. The similarity in relative peak
among them being the absence of near-IR emission quenchT intensities between the first-shell N and second-shell Ga
ing and the presence of strong visible emission peaks at 308toms provides direct evidence that this local Er structure is
K.® In this letter, electroluminescence and x-ray absorptiorhighly ordered?® Significantly, edge-normalized FT daftaot
structural measurements from Er-doped GaN films are reshown from the other GaN:Er samples exhibiting weaker
ported, which not only are unaffected by the amount of OVisible Er luminescence display identical FT peak positions
present but contrast dramatically with those of Si:Er in al-but with lower absolute peak intensities, indicating that in
most every other way. Our findings are explained here ifhese other samples a smaller fraction of Er atoms occupies
simple chemical terms and have important implications ora sites” The combined FT magnitudes of the peaks at
future studies of GaN doped with Er and other RE metals.

Following procedures described elsewher&aN:Er
films were grown by molecular beam epitatyBE) onto 2
in. Si substrates and studied as a function of Ga cell tempera-
ture, i.e., separate substrates were prepared for each
temperaturé. The Er concentration in these samples, deter-
mined with secondary ion mass spectromé8iMS), ranges
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from ~0.15 to~0.3 at. %. Room temperature Er electrolu- FTmag. -\~ b
minescence(EL) was measured peaking in the visible ::'_’____.-———’ T
(green at 537 nm @Hyy,—%15,) and 558 nm 1Sy, 558 nm D 410"
—%157) and in the near-IR at-1.54 um (*l 131159 » -
Peak EL intensities in the visibl@nd less so in the nearJR 860 880 900 920

were found to vary with Ga cell temperature, see Fig. 1. For

clarity, only variations in 558 nm EL are plotted. In view of G 1 EL peaki N 658 niiin band
. . . f . | . pea intensities at ngmnear scalg¢ and oxygen concentra-
the reported role played by Oin affectlng Er emission inten tions (log scal¢ measured from GaN:Er samples grown with different Ga

sities in G_aN:E'Q: O concentr_ationimeasured with S”V!B_ cell temperatures. Also plotted are the magnitudes of FT EXAFS data from
were considered as a possible source for these variationse FT peaks aR’'~1.8 and 3.0 A(see Fig. 2
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) | | | | FIG. 3. View in the(110 plane of nearest-neighbor distances from systems
0 1 2 3 4 5 with the same coordination but different chemical bonding character: Si—Si
H’(A) (covaleny, Si—Er(metallic, Ga—N (polar covalentand Er—N(ionic). The

measured bond length difference and structure for GaN:Er come from this

FIG. 2. FT ErLs-edge EXAFS data from the GaN:Er sample grown with a Work. The Si:Er system shows the structure predicted for substitutional Er
Ga cell temperature of 915 °C, and ®aedge data from GaNRef. 1. using the Er-Si distance measured from Ref. 5. Indicated crystallographic
Data were normalized at the FT peak-a8 A. TheR’ values do not include directions are referenced to unit cells of GaMurtzite) and Si(diamond.
corrections for phase shifts, which vary with edde (K), absorbing atom
(Er, Ga, and backscattering atoth, Ga.

covalent/ionic bonding. These values show that the Er—Si

, A ) _bonds in metallic ErSi;, which closely resemble those of Er
R’~1.8 and 3.0 A from these other samples are included iR, si both in number and lengt? are only somewhat less

Fi.g. 1, establishing 'Fhat the Er visible EL intensities correlate,, ajent than the purely covalent and metallic bonds in semi-
with t_he concentration _of dopant E_r atoms that replace Gaconducting Si and Er metal. This makes it appropriate to
hot with the concentration of impurity O atoms. consider the size and bonding of Er in Si as being similar to

More detailed analyses using standard proce.c"j%ilé_se- that of neutral trivalent Erin its metal-atom configuratiot?,
veal that the first-neighbor Er—N bond in GaN:Er is 2'17i.e., EXIIl) 4f1%6s?5d.17 Indeed, summing the radii of Er

+0.02A, or~0.22 A longer than the corresponding Ga—N 1cta1 (1755 A and of Si(1.175 A gives an Er-Si bond
bond length in GaN(The Er-Ga d|stan(_:e.at 3'26)'0_3A IS length in excellent agreement with that found for ErSsee
=<0.1 A longer than that for Ga—QaThis increase in bond Table ) and for Er in S#° By contrast, the Ga—N bonds in
length, unsurprising because Er is obviously larger than G Imost insulating GaN are relatively polar, lying closer to the

belies the unusual nature of this Er—N bond. It is the shorte%mc Er—N and Er—O bonds in the insulating salts ErN and
Er-N bond length measured, shorter 525 A than in Er,0;. The more ionic Er—N bonds in GaN:Er make it ap-

ErNdand evlen sgc?rtir t;ft0.0S A thtanbln”(])rgar?oTe'ialllc propriate to consider the size and bonding of Er in GaN as
ami deéorg]p lee : rt]h act 1 appearsdo fe ek$ (;)r EStMea-eing similar to that of B ion in ErN2%i.e., EXIIl) 4fL
sured Er bond fength in a compound ot any kind. Summing the ionic radii for six-fold coordinated ¥r(0.89

Why is the Er—N bond length in GaN:Er so short? Why _ 18 ¢ i N
does Er, despite its larger size, occupy a lattice site in Gal\'}ls‘) and N (1.46 A slightly underestimates the Er—N dis

e . o tance in ErN but overestimates it more in GaN:Er. Correct-
2
but not in Si? Why is O, despite its abundance, not gettere?ﬁg these radii for their lower four-fold coordinatidfhow-

y o
by Erin GaN but.gettered by Erin Si’ We argue that each 0.]ever,viz., 0.78 and 1.44 A, brings their sum into much closer
these questions is related to the chemical nature of and dif-

ference between the Er—N and Er—Si bonds in their hosts_agree_ment with experiment. . .
. o Figure 3 contrasts how these different Er—N and Er—Si
Table | lists relevant Er-containing systems and corre-

) . - bonds affect the local environment assuming Er occupies the
sponding coordination numbers and bond lengths, along witl o o . . o
) . . same substitutional site in Si as in G&Br in aT interstitial
those from GaN and Si. Also listed are values of first-

. Lo ! Si site would have the same Er—Si distance and a similar
neighbor electronegativity differenc&swhich are useful pa- . . .
. . . ffec. The increase in volume needed to accommodate Er in
rameters for qualitatively gauging relative degrees o

the hypothetical “Si:Er” system is seen to be considerable,
~2.5 times greater than that for Er in GaN. Such an unphysi-
TABLE_ I. Bond length and strength as a function of number and type ofca”y large Si expansion explains, in part, why Er occupation
first-neighbor atom. of Si lattice siteq(or intersticesis so unfavorable.

System Bond CN. R(A) Agert® ey (€V)P Additional insight into this question, as well as the oth-
ers posed earlier, is gained by considering the relative energy

ErESri” g:g ig g:g;e 8.7 ?)'.7911 costs of breaking and forming bonds bet_ween Er, the host
ErN Er—N 6 242 2.0 292 atoms, and O. The bond energy,, or equivalently, cohe-
Er,05 Er-0 & 2.2F 2.4 3.0 sive energy per bond, is listed for the relevant systems in
GaN:Er Er-N 4 2.17 2.0 >2.2 Table 1. This quantity is calculated for solM ,X,, by taking
GSa'N 2‘;_3,11 ‘:1 21%55 013 2;”2 its cohesive energy per neutral frigkeatom(with the atom in
' : : its final, solid-state electronic configuratidhand dividing
3 lectronegativity difference, from Ref. 15. that energy by the number & —X bonds in the unit cef®
°Cohesive energy per bond for (Bf) and host(Si, Ga atoms. The g, values are highly informative. First, despite co-

c i i . - - -
Average coordination numbers and bond lengths quoted. valent versus ionic bonding differences between the host at-
Number of bonds per unit cell is 6 in Er and 2 in Si.

eSee Ref. 5. oms themselves;,(Si—S)~¢,(Ga—N. This means that in
This work. the Er doping process, there are negligible energy differences
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associated with breaking Si—Si vs Ga—N bonds, regardlessoncepts are used to explain why such substitution is ener-
of how many such bonds are broken to accommodate Egetically favorable, why Er in GaN is insensitive to O in the
Second, because of bonding differences between Er and thst, and why this behavior is so different for Er in Si. That
host atoms,e,(Er—S)<<en(Er—N). This means that our the optically favorable Ga site is also amenable to substitu-
views about distinctions in size and bonding character f8r Ertion with relatively high concentrations of rare earth dopants
in Si vs EFT in GaN2® discussed earlier and highlighted in makes GaN an ideal material for use in optoelectronics.

Fig. 3, are well corroborated by the different Er—Si and

Er—N bond strengths. Third, because of ionic bonding simi- 1€ authors thank A. Frenkel, W. J. Evans, and B. Bat-

larities between ErN and GaN,(Er—N)=g,(Ga—N; be- logg for helpful discussions. The x-ray absorption measure-

cause of metallic versus covalent bonding differences beMents were performed at the NSLS, Brookhaven National

tween ErSj,and Si,e,(Er—S)<e,(Si—S). This means that Laboratory, which is supported by the DOE, Division of Ma-

the slightly larger size of four-fold coordinated®vs G&* terials Science and Division of Chemical Sciences. The re-
is offset by the lower electronegativity of E¥,making it search at Cincinnati is supported in part by BMDO/ARO.

energetically inexpensive for Er to substitute for Ga in
GaN?! Conversely, the much larger size of’B1s Si makes
it energetically prohibitive to occupy a four-fold coordinated *See, e.g., J. Michel, L. V. C. Assali, M. T. Morse, and L. C. Kimerling,
§oairn22 ; ; i~_ Semicond. Semime#9, 111(1998.
Si Slt.e' IﬂStead’ bydpreqklng apart t:’;e fSI hC?St bOI’ldS,. n 2See, e.g., A. J. Steckl and J. M. Zavada, Mater. Res. B4I33 (1999.
creasing the Er C'OOI" Ination FO 10, ap rerforming new S'fS'3D. L. Adler, D. Jacobson, D. J. Eaglesham, M. Marcus, J. Benton, J. M.
bonds—all of which is found in the Si:Er defects resembling Poate, and P. H. Citrin, Appl. Phys. Le1, 2181(1992.
ErSi, °—the energies become favorable. “R. Sema,( M. gohmeier, P. M. Zagwijn, and A. Polman, Appl. Phys. Lett.
; ; 66, 1385(1995.
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in Si rather thar.] m,GaN' In fact, the relative Insensitivity of ’R. Birkhaﬁn, J. Heikenfeld, M. Garter, D. S. Lee, A. J. Steckl, K. Lorenz,
Er to O in GaN:Er is related to the short Er—N bond length. R vianden, M. F. da Silva, J. C. Soares, E. Alves, A. Saleh, P. A.
We stated earlier that becausg(Er—N)~¢,(Ga—N), it is Northrup, and P. H. Citrifunpublisheg
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ously Coupled with the unusua”y low four-fold coordination EXAFS from Er in other configurations destructively interfere and lead to

reduced amplitudes.

of Er, and thereforee,(Er—N, GaN:Ej>g,(Er—N, ErN. BConsistent results were obtained using phase shifts and scattering ampli-
This, in turn, implies that it should be even more energeti- tudes determined empirically from model compounds or theoretically

llv favorable for Er repl in N. and for Er in from FEFF6, cf., S. Zabinsky, J. Rehr, A. Ankoudinov, R. Albers, and M.
cally favorable fo to replace Ga GaN, and fo Eller, Phys. Rev. B52, 2995(1995.
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try, allows for otherwise forbidden Er fdintrashell transi- ~ 'ne electronegativity of Er, as well as the sizes of &nd Er", are
tions. This means that increasing the Er Iuminescence,comp"’m’1b|e to those of Rand Na" or C2 and C4",
. . . . _g . Trivalent E(IIl), which is its configuration in the solid state, simply
'nten3_|tY_|n GaN:Er should involve increasing the number of yeans there are three available valence electrons rather than the two avail-
substitutional Er atoms, as observed. We have shown aboveable in the divalent free atom, @) 4f%6s?.
that replacing Er for Ga is influenced less by energetics thaffR. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor.
by the size of the strain field surrounding Er. Our EXAFS ,S6n- Crystallogr2 751(1976. o
d indi hat | | latti displ liqibl The ~ linearly varying EF* radii with coordination from Ref. 18 are

ata indicate that loca att_lce ISP aceme_nts are negligivie extrapolated, while the N radii are assumed to vary linearly as those for
beyond ~5 A from Er, which translates into an average 2
Er—Er separation of-10 A, or an effective Er concentration 2°Consider, e.g., the 6 Er—O bonds in ,85 &,=(1/6)El;
of ~10?! atoms/cm (~1 at. %. This is more than four or- ton=(L12)Econi  Ecor=2Er"(g) +30(g) =AH?+ 2AH [ Er" (m)]
ders of magnitude greater than that for Er in O-poot°Sihe +(3/2)AHuissof O2); AH Er''(m)]=AH o Er(M) 1+ Econtigi  Econfig
substitution of Er for Ga in GaN will, of course, also depend =E[Er"(9)]~E[Er'(g)]. Standard heats of formation, vaporization, and

on other factors such as growth conditions and doping meth- dissociation are from common sources, excipt? for EN and ErSj ,
. . which are, respectively, from J. Kordis and K. Gingerich, J. Nucl. Mater.
ods(e.g., MBE versus implantationbut the presence of O 66, 197 (1977; R. Pretorius, T. Marais, and C. Theron, Mater. Sci. Eng.
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luminescence can be optimized from GaN:Er clearly extends Fuijimori, M. Grioni, and J. Weaver, Phys. Rev38, 726(1986, as is the

to other trivalent rare earth metals, whose size and chemicalcontribution toEc,, from the 2.5 Si—Si bonds in Erj (it is subtracted

; ; from E,, to isolate the contribution of Er—Si bonds
bon?r:nsg Eqr%{;errtlesearzz E(iE”S(;]OOmFr)IatLaaTeE.r replaces Ga in GaN21The sir:;)irllar Er—N and Ga—N bond energies alst??explain why the local Er
o u Yy, W v W P I ' structure, i.e., the EXAFS in Fig. 2, is so highly ordered.

yielding unusually short Er—N bonds due to the low four-22The jow solubility observed for Er in O-poor S;5x 10 cm 3, cf., Ref.
fold coordination and ionic character of Er. Similarly simple 1, is consistent with the low Er—Si bond energy.



