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Photoluminescerec (PL) spectroscop has been usal to investigaé praseodymim (Pr) related
transitiors in Pr-implantel GaN Wurtzite GaN epilayes were grown by metalorgaré chemical
vapa depositin on sapphie substrate and subsequenyl ion implanted with Pr to ados of 5.7

X 10'¥cm?. The implantel sampls were anneald in nitrogen to facilitate recovey from

implantation related damage Narrov PL emissio bands relatel to 4f intrashel transitiors of the

trivalert Pr ion were observel nea 650, 950, 110Q and 1300 nm. The dependeneof PL emission
on sampé temperaturgexcitatian intensity, oxygen incorporation and annealilg temperatug was

systematicall studied We find tha the PL efficieng/ increase exponentialy with annealing
temperatue up to the maximum temperatue of 1050 °C applied in the current study. Furthermore,
the PL emissian shows no evidene of significart thermd quenchilg over the sampé temperature
range of 10-300 K. This therma stability will hawe particula advantage for applicatiors in high

temperatue optoelectrorg devices © 199 American Institute of Physics.

[S0003-695199)01732-3

Rare earh dopal glasss and insulatirg crystak have
been extensively studied and developed for laser
applications: More recently there has been considerat# re-
seart effort involving the incorporation of rare earh ele-
mens into semiconducto hosts? ™6 becaus suc materials
are of wide potentid use in optoelectront devices Erbium
(Er) and praseodymim (Pr)-dopeal materias are of particu-
lar intereg to the opticd communicatios industy because
they exhibit emissian at the wavelengtls correspondig to
the minimum transmissia loss and minimum dispersim re-
gion within opticd fibers 1540 and 1300 nm, respectively.
Studies of Er dopal semiconductarhave shown tha thermal
quenchimg of Er** emissim decreasgwith increasig band
gap of the hog material® This phenomeno has naturaly led
recert researh efforts toward rate earth doping within the
wide bard gap Il1-nitride semiconducto systen™ *°® Re-
cently, Pr has been incorporate into molecula bean epitaxy
(MBE) grown Gal films by in situ doping as well as by
focusel ion bean implantation and the feasibility of
wavelength-specigivisible light emissio basel on the rare
earh incorporaté GaN has been demonstrated®*® This
makes the fabricatian of a full-color display from a single
GaN chip possible.

In this work, we hawe incorporate Pr into metalorganic
chemica vapa depositim (MOCVD) grown GaN films by

the normd ion-implantation process Photoluminescence

(PL) spectroscop has been employel to study the Pr-
implanted Ga\ epilayers Emissio lines nea 650, 950,
110Q and 1300 nm hawe bea observed The approximately

0.8 um thick GaN films used for Pr ion implantation were

grown by MOCVD on c-plare sapphie substratesDetails of
the MOCVD growth are describel elsewheré! Pr was ion
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implantad into the GaN epilayes a a dos of 5.7
X 10*¥cm? and energy of 300 keV. Figure 1 shows the
SIMS profile of Pr in the Pr-implantel GaN film. Some GaN
epilayes were implanted with both Pr and O at similar
doses After implantation the samples were cut into small
pieces that were anneald for 10 min in anitrogen ambien at
various temperaturgrangirg from 750 to 1050 °C. PL spec-
troscoy measuremestwere then performal on the Pr-
implantad GaN samples The excitation sour@ consiste of
290 nm lase pulses with 10 ps width and 9.5 MHz repetition
rate The PL emissia in the 650 nm wavelengh region was
collected and analyzel with a1.3 m grating monochromator
equippel with a microchannk plate photomultiplie tube
usal in asingle phota countirg mode PL emissia at wave-
lengths longe than 800 nm was collectad and analyzel with
a 0.3 m monochromatoequippe with a thermoelectrically
coola InGaAs photodioct detector.

Figure 2 shows room temperatug and 10 K PL spectra
over the range of 640-680 nm for a Pr-implantel GaN
sampé anneald at 1050 °C. At leag five distind transitions
can be see in the specta and the room temperatue line-
widths are clearly mud smalle than expecte for typical
bard or impurity related transitiors of a semiconductarFur-
thermore the lines shav virtually no temperatue related
wavelengh shift as one might exped for bard or impurity
relatal transitiors in semiconductorsThes narrav PL emis-
sion lines appea related to 4f intrashel transitiors of the
Pt ion. Similar visible-red Pr** emissim was observe in
recen studies where Pr was incorporaté into GaN films by
in situ doping ard by focusel ion bean implantation®>
Comparisa of the line positiors with an energ diagran for
Pr*" indicates that the likely transition correspondig to the
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FIG. 1. SIMS profile of Pr in the Pr-implantel GaN film.

650 nm emissia is *Po—°F,.! The closel space multiplet
of lines originate from the crystd field splitting of otherwise
forbidden transitions The transitian line at 646 nm in Fig. 2

is observal® at 300 K but does nat appea in the 10 K

spectrum This behavia is indicative of a “hot line” asso-
ciated with a highe enery levd of the multiplet only ther-
mally populate at highe temperatures.
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FIG. 2. PL specta measurd at 10 ard 300 K from the Pr-implantel GaN
sampe anneald at 1050 °C. The specta are vertically displacel for a clear
presentationThe specta show®P,—F, transitiors of the PP" ion in GaN
nea 650 nm. The inse shows the dependene of the integratel room tem-
peratue PL emissim betwea 6475 and 655 nm on sampé annealig tem-
perature.
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FIG. 3. Temperatue dependeneof the integratel PL intensiy betwed 648
and 656 nm (solid circles ard linewidth (open triangles of the 6525 nm
peak The data shown is for the Pr-implantel sampé anneald at 1050 °C.

The PL emissiam from the Pr-dopel sample exhibited a
strorg dependene upan sampe annealig temperatureThe
inse of Fig. 2 shows the integratel PL intensiy as a function
of annealiiy temperatue for the mog intens pair of transi-
tions at 6505 and 6525 nm. We find the PL intensily in-
creass exponentialy with annealiig temperatue up to the
highes temperatue of 1050°C usel in this study A least
squars fit of exponentibform implies atherma activation
enery of 2.3 eV for the Pr-implantel GaN We did not
attemp to anneé at any temperatue highe than 1050 °C in
this study. However the dat shown in the insd of Fig. 2
indicak that Pr*-related PL efficieng/ will continte to in-
creag with highe anne& temperatue until a point where
therma degradatio of the GaN hod materid becomes
prevalen or a point of complee Pr** activation The study
by Chao and Steck showael that the Pr-relatel PL efficiency
increase with increasd annealig time for a fixed tempera-
ture of 950°C.26 The GaN bard edge PL nea 3.4 eV at room
temperatue (not shown was also studied for the Pr-
implanted sample anneald at various temperaturesHow-
ever, very little bard edge PL could be detecte and the PL
intensiy did not follow ary obviows trerd with annealing
temperature.

Figure 3 shows the dependereof the PP emissim on
sampé temperatue for the Pr-implantel sampé anneald at
1050 °C. The integratel PL intensiy betwe& 648 and 656
nm is shown with solid circles The dat hawe been smoothed
by a three point running avera@ in orde to redue@ system-
atic scatte and the errar bar represerts an estimae of the
uncertainy associate with ead plotted point The solid line
in Fig. 3isincluded as an aid to the eye It is clea from Fig.
3 tha there is no significart thermaly inducel degradation
of PL efficieng/ up to room temperatureAlthough the inte-
grated PL intensily is quite stabk with temperaturgthe tran-
sition linewidth does exhibit thermd broadenig as see in
Fig. 2. The dat in Fig. 3 indicatal by open triangles repre-
sert the measurd full width at half maximun for the 652.5
nm transition We see tha the linewidth increases from 0.9
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FIG. 4. Infrared PL emissim specta measurd at 10 and 300 K from the
Pr-implantel GaN sampé anneald at 105 °C. The specta are vertically
displacel for a clear presentation Transitiors were observel nea 900—
1000 1100-120Q ard 1330 nm.

meV at a sampe temperatug of 10 K to 4.7 meV at atem-
peratue of 300 K. It shoul be noted tha there is an approxi-
matk 0.46 meV (at 652 nm) contribution to the observed
linewidths due to the monochromatoslit width.

Sone of the GaN sample of the currert stud/ were
implanted with both Pr and O in orde to investigaé the
effed of oxygen impurities on the Pr*"-related PL efficiency.
Thes sampls were anneald at various temperaturge in a
manne identicd to the annealilg proces usda for the GaN
sample solely dopead with Pr. We found tha at all annealing
temperaturs investigated the Pr+O dopeal sample exhib-
ited less PL intensiyy nea 650 nm than the sample doped
with only Pr. Using sample anneald at 1000 °C, for ex-
ample the integratel PL intensiy from the Pr+O sample
was only 45%-50% of that observe from the Pr doped
sample It is interestirg to compae our resuls to early stud-
ies of Er-dopeal semiconductorswhich suggeste tha oxy-
gen incorporatim can enhane the EFF™ PL efficiency®®°
Rathe than observig sud an oxygen relatedl enhancement,
when optically pumpel at an energy abowe the bard gap of
GaN, we obsere amodes degradatia of Pr*-relatel PL
efficiency. Our resuls corroboraé a recen study® where
little Er** PL efficiengy dependene on oxygen codoping
was sea in Er-dopel Ga\ unde an abowe bard ggp excita-
tion condition.

In addition to the Pr** transitiors recorde in the visible
spectrum PL emission was observe in the infrared wave-
lengt region Figure 4shows 10 and 300 K PL spectafrom
880 to 1400 nm for the Pr-implantel sampé anneald at
1050 °C. Herg three ses of emissia peals are observe in
the wavelengh regiors 900-100Q 1090-120Q ard 1330
nm, respectively Thes transitiors were alo recenty ob-
servel from MBE grown GaN dopal in situ with Pr!® Ac-
cording to an enery diagran for PP*, the 900-1000 nm
peals are mog likely due to crystd field-split 'D,—3F;
transitionst while those in the 1090—1200 nm rance are not
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clearly identified The PP emissim relevarn to the optical
communicatios industry, nea 1.33 wm, was observed
within the 10 K spectrun but was weake than the shorter
wavelengh transitions At the sampé temperatue of 300 K,

the 1.33 um transition is obscured by the background and

noise levd of the spectrum.

In summary Pr has bee incorporate into GaN epilay-
ers by ion implantation Pr*-relatel PL was observe from
thes samplesand the efficieng/ of the PL increasd expo-
nentially with postimplantatio anne& temperaturgindicat-
ing atherma activation behavia with acharacterist energy
of E=2.3eV. Narrow PL emissim lines associatd with the
Pt centes were observe nea 650, 950, 110Q ard 1300
nm. The 650 nm emissio was studiel as a function of
sampk temperatue and the integratel PL intensiy was
found to be very stabk with temperatureln contras to stud-
ies of Er-dopel GaN, the addition of oxygen impurities to
the Pr-implantel sample resultel in lower PL efficiengy for
all of the annealig temperature studied This work demon-
strates that Pr'-relatel emission can be obtainal from
wurtzite GaN ion implanted with Pr, and prope choice of
annealilg parametes may maximize this emissia for device
applicatiors suc as electrically pumpel opticd amplifiers,
light emitting diodes or lase diodes that emit at spectrally
narrov Pr* lines.
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