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Photoluminescence and photoluminescence excitation spectroscopy of multiple Ndsites
in Nd-implanted GaN
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Site-selective photoluminescen@l) and photoluminescence excitati(fiLE) spectroscopies were carried
out at 6 K on the N&" emissions from thé'F5,— “l 11, transition in Nd-implanted GaN grown by metal-
organic chemical-vapor deposition. A detailed investigation of th&"NRL spectra excited by selected wave-
lengths of above-gap and below-gap pump light has detected multiple, di$figgt-*1,,, Nd** emission
spectra characteristic of five different Ridsites in the Nd-implanted GaN. The site-selective PLE spectra
detected at emission wavelengths characteristic of each of these distifictMidbands include spectral
features representative of excitation by above-gap absorption, by direct sharp-finetNdhell absorption,
and by broad, below-gap absorption bands attributable to defects and impurities and a possible isoelectronic
trap associated with one of the five Ndsites. It is concluded that the Rid site that is excited by direct
sharp-line Nd* 4f-shell absorption is the dominant or highest concentratioA"Nzknter. The excitation
mechanisms for the other four Ridsites all involve the nonradiative transfer of energy from impurity- or
defect-related traps to neighboring rare-earth atoms. These multiple excitation mechanisms closely parallel
those observed previously in the PLE studies of GaN:Er. The similarities and relationships betweef'the Nd
and EF* PL and PLE spectra in GaN, and the implications for the trap-mediated excitation mechanisms, are
discussed[S0163-18208)03323-3

Several photoluminescend®Ll) investigations of intra- also strongly pumped by above-gap optical absorption
4f-shell emissions from implanted rare-eaffRE) ions in  (sometimes referred to as “host excitation® while the
crystalline semiconductors have demonstrated that the insites pumped by the Er-related trap and direttstiell ab-
planted RE ions can occupy multiple, distinct sites in thesorption are not.
crystall~" Each of these rare earth sites is characterized by a In order to determine whether our observations and con-
different crystal field, which causes changes in the spectratlusions regarding the excitation mechanisms fof"En
distribution of the 4 band emissions from the rare earths GaN are applicable to other RE dopants in semiconductor
that enable the different sites to be distinguished on the bashosts, we have extended the site-selective PL and PLE stud-
of their PL spectra. ies of RE excitation mechanisms to Nd-implanted GaN films

Different rare-earth sites can be selectively excited bygrown by metal-organic chemical-vapor deposition
proper choice of pump wavelength. In some cases, this intMOCVD). In this paper we report the observation of mul-
volves the selection of a specific intrd-¢hell absorption tiple, distinct *F5,—*1,, Nd®* emission spectra character-
line with a tunable laserThis type of wavelength-selective istic of five different Nd" sites in the Nd-implanted GaN.
excitation occurs only for RE centers or sites that are preserithe site-selective PLE spectra of these*NdPL bands in-
in relatively high concentrations because the optical-clude broad, below-gap absorption bands that closely parallel
absorption cross section for direct intré-ghell absorption those observed in the PLE of GaN:Er. The similarities and
by RE atoms is quite small. In recently reported PL andrelationships between the Ridand EF* PL and PLE spec-
photoluminescence excitatidRLE) studies of Er-implanted tra in GaN, the optical-absorption processes that selectively
GaN, we observed site-selective excitation of 'Eemission  excite the five distinct Nt sites, and the implications for
from four distinct site$;” only one of which was pumped by the trap-mediated excitation mechanisms are discussed.
direct 4f-shell absorption. Excitation of the other thre€ Er GaN films grown on0001) sapphire by atmospheric pres-
sites involved wavelength-selective pumping into broadsure MOCVD were implanted with a dosage of 1
below-gap absorption bands attributable to defects or backx 10'* ions/cnf at 320 keV, with a projected range of 0.06
ground impurities, with subsequent nonradiative transfer ofum for the implanted Nd ions. The implanted samples were
the energy to nearby Ef luminescence centers. Further- annealed at 1000 °C for 90 min under a continuous flow of
more, we were able to distinguish broadband, below-gap opitrogen ga$. PLE and PL spectroscopies were carried out
tical excitation processes for £remission that are attribut- on the Nd-implanted GaN at 6 K. The PL spectra were ex-
able to(1) absorption due to implantation damage-inducedcited by a variety of sources: the 819-nm line from a tunable
defects,(2) absorption due to defects or impurities characteritanium-doped sapphire laser, the 633-nm line from a HeNe
istic of the as-grown GaN film, an@) an Er-specific absorp- laser, the 515- and 458-nm lines from an Ar-ion laser,
tion band just below the band gap which may involve the420-nm light from a xenon lamp, and the 325-nm line from a
formation of an Er-related isoelectronic trafthe two sites HeCd laser. The PLE spectra were obtained with a xenon
excited by impurity- or defect-related absorption bands ardamp dispersed by a double-grating monochromator or with
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Wavelength (nm) plays five distinctly different PLE spectra obtained by detect-
1600 1400 ~ 1200 1000 , 800 ing at the Nd* emission wavelengths marked by arrows in
GaN:Nd Excitation wavelenath the high resolution PL spectra presented in Fig. 3. In addi-
T=6K . . © tion, the PLE spectrum detected at thé..04-eV peak posi-
Fyn > T (b)viﬁﬂé’fgap_pumped-- tion of the highest intensity in the broadband damage-
\ . \ ) induced emission[Fig. 1(a)] is shown in Fig. 2f) for
o | Fa > Fan >Ion comparison. The PLE spectruffrig. 2(a)] obtained in the
§ 794—-824-nm spectral range with the tunable Ti-doped sap-
= phire laser detecting at the wavelength marked by the arrow
g labeleda in Fig. 3 exhibits sharp-line PLE peaks assigned to
g direct N* *lg/,—*Fs+*Hgj, 4f-shell absorptiof. The
§ PLE spectrdFigs. 2b), 2(c), and Zd)] obtained with a xe-
3 non lamp reveal distinctive broad, below-gap absorption
A (a) 515 nm bands marked by arrows in the PLE spectra at 1.95, 2.75, and
"green-pumped” 3.0 eV, respectively. A strong absorption band~&2.35 eV

and a weak absorption band-atL.8 eV seen in each of these
PLE spectra are attributed to damage-induced absorption
T 800 - 1000 1200 Tla00 characteristic of the implanted filnisThe energy positions
Energy (meV) of the absorption bands in the PLE spedtrigs. 2b) and
. . 2(c)] are close to those in the absorption bands of the PLE
FIG. 1. PL spectra of the Nd-implanted GaN excited by agpacira previously observed in both Er-implanted GaN and
515-nm line(g) and a 325-nm ling(b). BOthﬁPL spectra exhibit  the Cr.implanted GaN control sample discussed in Ref. 4.
three sharply structured emissions from thE€z,—"lgp, “Fg e o ; " i}
1., and“F 41,y transitions of Na* wr?kz:h arzzsupe;;w- This indicates that the same (_Jlefe(m |r_npur|t|es) charac-
Oselé zén the broad d:rﬁa e-induced PL bands teristic of the as-grown GaN films are involved in the site-
P g ' selective excitation of both the £r and N&* sites. The

the tunable titanium-doped sapphire laser. All of the PLEdifferences between the broadband PLE spectra for the two

spectra were corrected for the spectral response of the tufpaterials are attributable to the larger degree +0f spectral
able excitation systems. The luminescence was analyzed byayerlap among the PL spectra from the variousEsites

1-m single grating monochromator and detected by a coolethan there is for the Nt sites, and the fact that theErand
Ge p-i-n detector. Nd®* PL spectra overlap different portions of the underlying

Figure 1 shows two PL spectra from the Nd-implantedbroad defect PL bands which contribute their own broad PLE
MOCVD-grown GaN, one excited at 515 rifiig. 1(a)], and  bands.
the other one excited by 325-nm above-gap lidg#g. 1(b)]. The absorption band peaking &t3.0 eV in the below-
Both PL spectra exhibit three sharply structured emission§and gap PLEFig. 2(d)] is attributed to defects created by
from the *Fz,—*l g/, *Fap—2l11, and*Fg,—%15ptran-  Nd itself; a similar Er-related PLE band was observed pre-
sitions of N&*. These Nd" emissions are superimposed on Viously in Er-implanted GaN,’ but its energy position is
the broad ion-implantation damage-induced PL bands rehigher by~0.1eV. The PLE spectrurfFig. 2(e)] does not
ported in Refs. 3 and 8. The features of the PL spectrunghow any significant below-gap absorption bafekcept
excited by 515-nm lighfFig. 1(a)] are identical to those of damaged-induced absorption bands peaking-at35 and
the spectrum excited at 515 nm reported in Ref. 8 for Nd-~ 1.8 eV), but a relatively strong above-gap absorption band.
implanted, MOCVD-grown GaN samples annealed atThe five different PLE spectra of Figs(&, 2(b), 2(c), 2(d),
1000 °C. However, the features of the above-gap excited PENd Ze) exhibit five different excitation mechanisms for the
spectrum{Fig. 1(b)] are more complicated than those of the Nd®" sites in Nd-implanted GaN.
515-nm-excited spectruriig. 1(a)]. A careful comparison Figure 3 shows thé'F,—*l 11, Nd*" emission spectra
of these two PL spectra reveals that the fine structure of theelectively excited from Nd-implanted GaN by five different
above-gap excited PL spectrum includes the dominant peak3ump wavelengths corresponding to different absorption
observed in the 515-nm line excited PL spectrum, as well aprocesses and excitation mechanisms. A sharp-lin®4E
additional peaks not present in the 515-nm-pumped spe@eak(819 nm, red(633 nm, blue (458 nm), and violet(420
trum. For example, the above-gap-pumped PL spectrum inam) light [the exciting wavelengths marked by arrows in the
cludes all the prominent peaks of the 515-nm-pumped Plinset of Fig. 2 and in Figs.(B), 2(c), and 2d), respectively
spectrum(e.g., 980, 1142, and 1463 nnbut it also exhibits  were used to pump the PL spectra of Fig&)33(b), 3(c),
prominent peaks in the 916—944-, 1084—1112-, and 1375and 3d), respectively. These f4, red-, blue-, and violet-
1454-nm spectral ranges that are not observed in the 51%umped Nd* PL spectra each contain sets of distinctively
nm-pumped spectrum. This indicates that the above-gap eyrominent peaks. The red- and blue-pumped™NEL peaks
cited PL spectrum could be a mixture of PL spectradominate the above-gap excited NdPL spectrum[Fig.
associated with multiple Nd sites which might be excited 3(e)], while the violet- and #-pumped Nd" PL spectra are
selectively by different below-gap optical-absorption pro-barely observable. However, the above-gap excited PL spec-
cesses, as observed for Er-implanted GaN. trum also contains strong peaks at wavelengths that do not

PLE spectroscopy was performed on several PL peaksorrespond to the peaks that are characteristic of the four
selected from the*F3,—*l,, transitions of Nd" in the below gap excited PL spectra. These additional peaks are
above-gap excited PL spectrum of Figbll Figure 2 dis- strongly excitable only by above-gap liglitee the PLE
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FIG. 2. Five different PLE-spectr@), (b), (c), (d), and(e) de-  nm, 30uW), and(e) above-gag325 nm, 3 mW light. The 4f, red,
tected at five different wavelengths indicateddyb, c, d, ande,  blue, violet, and above-gap-pumped Nd PL spectra are character-
respectively, in Fig. @); the PLE spectrun(f) detected at the peak ized by their most prominent peaks at 1097, 1142, 1092, 1119, and
position of the highest intensity in the damage-induced emission il111 nm, respectively.

Fig. 1(a) is shown for comparison. The sharg-ghell PLE spec- ) ) o N
trum pumped by the tunable cw Ti:sapphire laser in thg, The parallel observations of five distinct Ridand E?

—*F g+ *Hg Nd®t 4f-shell bands is shown in the inset. The five sites in Nd- and Er-implanted GaN, respectively, and the
detected wavelengths marked in the Fige)3correspond to the obvious similarities of the site-selective PLE spectra ob-
most prominent peaks in the five different site-selective PL spectréained for these sites in both materials, clearly indicate that
in Fig. 3. the distinctive absorption bands in the PLE spectra are
defect- or impurity-related absorptions that are characteristic
spectrum[Fig. 2e)]). These five different groups of the of either the as-grown films or implantation-induced defects
dominant PL peaks apparently illustrate the existence of ah the films, and they are not attributable to absorption by the
least five distinct Né&' sites in the Nd-implanted GaN. rare earthge.g., direct 4-shell excitation which would be
Four of the five different N&' sites existing in the Nd- different for EF" and N&*. Apparently, the defects or im-
implanted GaN can be selectively excited by three differenpurities giving rise to the “red,” “blue,” and 2.35-eV site-
below-gap optical-absorption processed) unidentified selective PLE bands also perturb the crystal field at neigh-
impurity- or defect-related absorption ban@®) an absorp- boring N&* or EF*' sites, and induce the unique, site-
tion band associated with a Nd-related defect or trap,(8nd selective spectral distributions of the 3tr and Nd&*
direct, sharp-line N# intra-4f-shell absorption bands. emissions. Only in the case of the “violet” PLE band,
These four sites are also excited by above-gap light. Thesghose peak energy differs slightly for the two different rare
below- and above-gap excitation mechanisms of the fouearths, is the rare-earth atom believed to play a direct role in
Nd®* sites are also observed for the fourEssites in Er-  the absorption by forming an isoelectronic trap that binds an
implanted samples of the same MOCVD GaN, as evidencedxciton.
by the close similarity between the RidPLE spectra of Fig. The most probable locations for the implanted Nd atoms
2, and those reported previously for the four®ErPL  in the GaN crystal include substitutional sites on the Ga sub-
spectre~’ The fifth Nof* site is not efficiently pumped by lattice, and interstitial sites. For wurtzite GaN, all the Ga
below-gap light, but it is strongly excited by above-gap light.atoms occupy sites of symmet®,,,'* and two distinct
Although a fifth EF* site was not observed in our previously high-symmetry interstitial positions in the wurtzite crystal
reported studies of site-selective PL and PLE in Er-lattice also haveC;, symmetry*? For a Nd atom located on
implanted GaN, careful re-examination of the above-gap ex- any of theseCs, sites, the N&" PL spectrum corresponding
cited EP" PL spectra in GaN samples annealed at variouso transitions from the ground state level of tfi€s, mani-
temperatures clearly reveals the existence of a fifth" Er fold to the crystal-field-split*l ;;,, manifold should exhibit
site 0 six zero-phonon line$X* However, the same is true for Rid
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located on any other noncubic site in the crystal, so th&'Nd the red-, violet-, and above-gap-pumped®N&®L spectra are
PL spectra cannot provide an identification of the lattice sitesignificantly different from that in the #pumped Nd" PL
In the 4f-pumped Nd* PL spectrum shown in Fig.(8), five  spectrum. These observations are consistent with our previ-
prominent peaks are clearly seen, but there is no obviousus suggestion that the defects involved in the excitations of
sign of a sixth peak. those four Nd" PL spectra may influence the local structural
On the basis of the work of Ronnirgf al,'* who dem-  environment surrounding the substitutional®Xdon on the
onstrated that In atoms in In-implanted GaN are substitute@a site, thereby affecting both the strengths of the optical
on Ga sites, it is suggested that substitutional Ga $des transitions(of the ground level of thé'F 5, manifold to the
opposed to interstitial sitgsire the most likely location for  “4I,,,, manifold) and the energy positions of the levels of the
the implanted Er and Nd in GaN. In addition, it is concluded #F 5, and *I ;;,, manifolds. Because of the perturbing influ-
that since only one of the distinct rare-earth sites in both Erence of neighboring defects or impurities, the fourNdites
and Nd-implanted GaN exhibits a sharp-line PLE spectruntesponsible for these four Rt PL spectra may have sym-
characteristic of direct #band absorption, that site must be metries lower tharC,. However, it is not possible to de-
present in a significantly higher concentration than the othefermine this from the N& PL spectra.
sites. This conclusion, which was first made in our previous In summary, site-selective PL and PLE spectroscopies re-
work on Er-implanted GaRy is based on the fact that the veal the presence of five distinct Rfd sites in our Nd-
cross section for absorption by intrd-4hell transitions in  implanted MOCVD-grown GaN crystal. Four of the five
rare-earth atoms is quite smal-(L0~#* cn?), and a large Nd®* sites are excitable at varying efficiencies by above-gap
concentration of a particular rare earth site is therefore relight, and by three independent, site-selective below-gap ab-
quired for direct intra-4 shell PLE. Furthermore, because sorption processes. A fifth Nd site is strongly excited only
these highest concentration sites exhibited no broadbangy above-gap light. The below-gap excitation processes in-
PLE due to closely associated impurities or deféatsdo the  clude direct sharp-line Nd 4f-shell absorption, and broad,
other distinct rare-earth sitest is suggested that the high below-gap absorption bands attributable to defects and im-
concentration rare earth sites might be rare-earth atoms Qsurities and a possible isoelectronic trap associated with one
isolated Ga site§.e., they have no closely associated impu-of the five N&* sites. It is concluded that the Ridsite that
rities or defectk is excited by direct sharp-line Nd 4f-shell absorption is
In the 4f-pumped PL spectrum of Fig(8®, the dominant  the dominant or highest concentration Ndcenter. The
highest-energy Nt peak(arising from the transition of the above-gap and broadband below-gap excitation mechanisms
ground level of the®F 3, manifold to the ground level of all involve the nonradiative transfer of energy from impurity-
*I 11/, manifold) is observed at 1093 nm. This wavelength or defect-related traps to neighboring rare-earth atoms. It is
position is very close to the wavelengths {090 nm) of the  suggested that these trap-mediated excitation processes con-
corresponding peaks observed for both GaAsfRef. 2  trol the thermal quenching of rare-earth emissions in rare-
and GaP:Nd:? In contrast, no strong peaks are observedearth-doped semiconductors.
near 1090 nm in the red-, violet-, and above-gap-pumped
Nd®* PL spectra, and the highest-energy positiorf Npeak This work was supported by the NSF under the Engineeri-
in the blue-pumped NG PL spectrum is not strongly ex- ing Research Centers PrografCD 89-43165 DARPA
cited. Furthermore, the positions of the dominant peaks ifMDA972-94-1-004, and the JSER0014-90-J-1270
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