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We have studied optical and electronic properties of isoelectronic P-implanted GaN films grown by
metalorganic chemical vapor phase epitaxy. After rapid thermal annealing, a strong emission band
around 430 nm was observed, which is attributed to the recombination of exciton bound to
isoelectronic P-hole traps. From the Arrhenius plot, the hole binding energy18D meV and the
exciton localization energy of 28 meV were obtained. According to first-principle total-energy
calculations, the implantation process likely introducld and P-related defects. By using
photoluminescence excitation technique, we found that the P-implantation-induced localized states
not only increase the yellow luminescence but also suppress the transitions from the free carriers to
deep levels. ©2002 American Institute of Physic§DOI: 10.1063/1.1476400

Although the group-III nitride materials have been fab- material remained to be studiéd:'> Some of them are re-
ricated for ultraviolet-to-green light-emitting diodes, laser di- sponsible for forming deep levels that give rise to the noto-
odes, vertical cavity surface emitting lasers and heterojuncrdous “yellow luminescence”(YL) (Fig. 1). In addition to
tion bipolar transistorS; 3 they are still having a high defect the YL intensified in increasing temperatures, the prominent
density problem due to large lattice mismatch. Isoelectronid, line at 357 nm(donor bound excitonD®X) is the only
doping has demonstrated improved crystalline quality as wellominant peak at low temperature. This reveals that not only
as the electrical and optical properties in typical [lI-V andthat the bound exciton is ionized but deep levels are also
[I-VI semiconductors, for instance, N-doped G@Ref. 4 activated significantly at a high temperature. Researchers of-
and In-doped GaA3® Previously, we studied the isoelec- ten infer the film quality by the intensity ratio of YL tb.
tronic In-doped GaN grown by metalorganic chemical vapor  Conventionally, there are two major models interpreting
phase epitaxy, and found that the small mount of In atonthe YL transition. One proposed by Glaser argued that the
incorporation indeed brought improvements on the opticalYL is from the deep double-donor to shallogeffective-
electronic, and crystal qualiti€s? In this work, we extended mas$ acceptor transitioh®> The other one proposed by
to the group-V elements using the isoelectronic P implantaOgino and Aoki** and also by Hofmanmet al,'® attributed
tion into GaN and investigated its effects on optical and electhe YL to the radiative recombination between shallow-
trical properties. donor to deep localized acceptor levels. According to Jenkins

The undoped GaN films were grown on t@001) sap- et all® the neutral antisiteNg,, is such a deep-hole trap.
phire substrate at 1050°C by MOVPE. The P-implanted
GaN (GaN:P films were prepared with different doses be-

tween 16* and 16° cm 2. The samples were later treated : ————r
with rapid thermal annealin@RTA) at a temperature 1100 °C L — PLE
for different durationg10, 20, and 30 )sunder flowing N s YL

gas using proximity cap method to recover implantation j j\

damages. For the photoluminesceflek) measurements, we
utilized a He—Cd lasetKimmon IK 5552R-F operating at
325 nm for above-band-gap excitation, and a 0.5 m mono-
chromator and a photomultiplier tubg&lamamatsu R-955
for detection. The samples were held in a closed-cycle refrig-
erator(APD Cryogenics HC-Rfor temperature varying mea-
surements between 18 and 300 K. For photoluminescence
excitation(PLE) measurements, we used a 150 W Xenon arc
lamp combined with a scanning monochroma®@i| 101)
as an excitation light source. The luminescence signals were {
detected by the same PL system. The PLE spectra were all O W ‘
corrected by the Xe light source response. 340 350 360 370 500 600 700
Despite of impressive progresses made in the GaN-based Wavelength (nm)
devices, there are numbers of defects in this wide band gap
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FIG. 1. The temperature dependent PL of as-grown GaN and PLE spectra
¥Electronic mail: hyhuang.ep87g@nctu.edu.tw monitored at YL.
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FIG. 2. The 18 K PL spectra of GaN:P under different P-implantation doses™/G: 3. The temperature dependent PLE spectra of P-implanted (5
(@ 10 cm™2, (b) 510 cm 2, (c) 10% cm 2, (d) 5x 10 cm 2, (e) X 10" cm™2) GaN after 30 s RTA compared with thg line of as-grown

10 cm~2, and(f) unimplanted. The dashed curves show the room temperaSaN-

ture PLE spectra.

recombination betweelWy and N, (and/or other P-related

Mattila et al. argued that since a strong electron—phonon indefect levels caused by P-implantatiofrefer to the sche-
teraction is associated with the large atomic displacement ohatic diagram in the inset of Fig.)2
Nga, it is likely to be a favor candidate for the YA’.Our As far as the PLE spectra probed at the YL for GaN:P
measured RamaA, (LO) mode showed significant broad- are concerned, we have detected a rather intense and also
ening, the electron—phonon coupling might also involved inbroad peak next to thé, line, instead of the step profile
the wide YL transition. observed in the as-grown Galee the dashed curves in Fig.

To investigate the transition channels for the YL, we2). Obviously, the P implantation also generated additional
have probed its peak signals at 550 nm with the PLE spedocalized states just below the native shallow-donor level
troscopy and observed a clear absorption step about the batitht can greatly enhance the YL through below band gap
gap energy(see the broken line in Fig.)1Since this step absorption. It is noticed that these localized states have un-
overlaps with thd, line, it shows the broadness of absorp- even distribution toward the low energy side with the in-
tion edge contributing to the YL intensity. As the temperaturecreasing dose, reflecting implantation-induced defect levels
is raised above 100 K, some levels slightly lower than thaiare deeper than that of the shallow donor. Besides, they ap-
for thel, line may also help the YL transition. It is reason- pear to be more efficient than the shallow donors in relaxing
able to infer that nearly all of the native shallow-donor levelsexcess carriers in the conduction band to quencH Hime.
are occupied at low temperature so that transitions to therRankoveet al. used different ions for implantation into GaN
from the valence band are effectively prohibited. At higherand also observed such an enhancement effect irfYL.
temperatures, a significant fraction of the donors is ionized t@&Guenaudet al. studied Fe-implanted GaN and suggested that
allow increased photoexcitation to these levels. Thereforehand-to-band absorption can contribute to bothlthend YL
the PLE studies of as-grown GaN have revealed the conneemissions while bound exciton absorption preferentially en-
tion between the native shallow donors and the YL. hance the YL than thé,.?* Our PLE results for GaN:P

We next address whether the YL profile is affected byseemed to agree with these views and therefore, allowed us
ion implantation. We found that the Ram&n mode has an to attribute these localized states to the disorder induced by
insignificant shift but broadens only slightly so that the crys-the implantation process. They would not be discoverd if the
talline structure of GaN:P should remain essentially un-PLE technique had not been utilized.
changed. However, drastic changes in the PL spectra were Since the defect levels associated with the YL are unde-
observed in Fig. 2. First, the prominelnt line is quenched. sirable, they need to be reduced as much as possible. The
Second, a new broad band appears around 462t66 e\j. RTA is a commonly employed as a remedy to improve
This blue luminescenc@L) becomes dominant at the high- sample quality. After the RTA treatment at 1100 °C for 10,
est dose along with the residual YL. Thus, it is obvious that20, and 30 s for different dosages, we measured the PLE
the implantation process produced extra deep levels that aprofile again. The results become more symmetric without
responsible for the BL. According to two first-principle total peak position shift as if the levels on the low energy side are
energy calculations the nitrogen interstitial defedt, is a  renormalized. However, this profile is still broader than the
single deep acceptor at approximately 1 eV above the va-, line and peaked at 2 nm toward the red side independent
lence band maximurtf*® Ab initio calculations showed that of annealing duration. Only by varying the sample tempera-
the native nitrogen vacancy defe¥t, is a shallow donor in  ture, the PLE peak is found to shift with respect to thdéine
high concentration. We tend to ascribe the BL to the radiativef as-grown GaN(see Fig. 3. Gbviousiy, a new impurity
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fore, it is clear that RTA process makes theg substitution

"Dose=5X10""cm* more consolidated. Additionally, Hall measurements showed
- 18K ) that the reduced mobility~+2 cm/Vs) and increased con-
X E centration (2.9x10' cm~3) due to implantation can be
i s recovered ~ 142 cm/V s,~6x 10 cm™3) just after 10 s of
w TZ RTA. This also supports improved,Rubstitution that appar-
ST P-BE 2| L ensme ently suppresses the relaxation transition from the free carri-
g - | 010203040 5060 ers to the deep levels.
=T , 10007 (K) In summary, we have examined the P-implanted GaN by
2 @ : , L using the PL and PLE spectroscopies. The results revealed
Et o) E : 50 that the YL is not only associated with deep levels, but also
| | ' closely related to the implantation-induced defects that
(c) | : X200 showed a localized distribution. The new PL emission peak
b . " EYL W is attributed to the P-BE that showed two activation energies.
e, ! U The authors wish to acknowledge support by the Na-
350 400 450 500 550 600 650 700 tional Science Council of the Republic of China under Con-
Wavelength (nm) tract No. NSC89-2112-M009-056 89R197.
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