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Enhanced blue emission from Tm-doped Al ,Ga;_,N electroluminescent
thin films
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ElectroluminescenteL) emission from Tm-doped AGa, _ N (Al,Ga, _,N:Tm) has been observed

with various Al compositions (&x<1). Al,Ga, _,N:Tm thin films were grown by molecular beam
epitaxy within situ doping of Tm. At lower Al compositionX<0.15), blue emission at 478 nm
dominates, corresponding to the Ti@,— 3Hg transition. Forx>0.15, however, a second blue
emission peak was observed at 465 nm, becoming dominant with increasing Al composition. The
465 nm emission is attributed to the higher level Tm transitiba— 3F,, which was not observed

in GaN:Tm. Blue EL emission from Tm was enhanced with Al content in the films. The ratio of EL
intensity at blug465 nm plus 478 nimto infrared(801 nm wavelengths increased monotonically
with Al composition, from~2 for GaN:Tm to~30 for AIN:Tm. © 2003 American Institute of
Physics. [DOI: 10.1063/1.1611275

A major challengt? of electroluminescent devices reported® to be a strong function of V/IIl ratio during
(ELDs) has been to obtain bright blue emission, which car-growth. Al composition was determined by the x-ray diffrac-
ries the highest energy per photth6—-2.7 eV of the three  tion method. According to Vegard's latf}’ the (0002 peak
primary colors. Tm-doped II-VI materials, including ZnS, of Al,Ga, _,N is a linear function of Al composition between
have been widely studiéc® for blue emission but have GaN and AIN. We grew films with various Al compositions
yielded relatively weak blue EL emission a480 nm and including x=0 (GaN), 0.16, 0.21, 0.39, 0.62, 0.81, and 1
strong IR emission at-800 nm. We have investigattthe  (AIN). Ring-shaped Schottky diodes were fabricated for EL
wide band gap IlI-V semiconductor GaN as a host for thinmeasurements using indium tin oxide sputtering and a lift-off
film electroluminescent (TFEL) devices, previously process. The fabrication and operation of EL devices have
reportingd dominant blue EL emission from GaN:Tm. More- been previously reported.
over, we have investigated several methods for enhancement Figure 1 shows the EL emission spectrum from an
of blue emission from GaN:Tm ELDs in both brightness andAIN:Tm ELD. Negative 120 V dc bias was applied and cur-
efficiency, including the “photopumping” meth8dand rent flow was~68 uA, which is about two orders of mag-
controf of the growth temperature. The mixed IlI-V alloys nitude more resistive than GaN:Tm films under a similar bias
of GaN—AIN span a large band gap energy range from 3.4 teondition. Major EL emission peaks were observed in the
6.2 eV. Introducing AIN in GaN films doped with Er has UV region (371 nm), the blue regio465 and 478 nrj and
been showt to improve TFEL device performance. Further- the IR (802 nm). The 478 and 802 nm emissions are well-
more, AIN doped with Er, Eu, and Tb has resulted in
photoluminescendé and cathodoluminescente!® and EL \
has been reported for AIN:Ef.In this letter we report on the 510 ' ' ‘ ' ‘ '
growth ofin situ Tm-doped AlGa, N films and the corre- 465
sponding effect of Al composition on the EL emission. 410% | -

Al,Ga _,N:Tm films were grown onp-type (111) Si
substrates by molecular beam epitaxy with a Ga elementa=
source and a nitrogen plasma source. Doping was performers
in situ during growth from a solid Tm source. The Tm cell 2
temperature was fixed at 600 °C resulting in a concentration
between~0.2 and~0.5 at. %. AJGa _,N:Tm layers were
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growth conditions: 1.5 sccm for nitrogen flow rate and 400 010°
W for plasma power. Al composition was controlled by vary-
ing the Al cell temperature during growth. The total flux of

group Ill speciesGa and A} was kept constartby adjusting  rig. 1. EL emission spectrum from an ELD on AIN:Tm film under a nega-
both Ga and Al cell temperatunesince EL properties are tive bias 120 V,~68 uA. Strong EL emissions are observed at 371, 465,
478, and 802 nm. Weak emissions are also detected at 527, 647, and 682 nm.
The 371 and 465 nm emission lines have not been previously observed in
@E|ectronic mail: a.steckl@uc.edu GaN:Tm.
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b 465 l s ] FIG. 3. EL spectra of AlGa,_,N:Tm films with various Al compositions.
1.5 E 478 | Hq E 1.5 Each EL spectrum was normalized by its current flow and then normalized
E M 1 once again by its intensity at 478 nm. A dotted line along 478 nm peaks is
1op 802 | s 110 shown for guidance. The 465 nm emission becomes stronger with increasing
05 A 3, 1 05 Al composition while the 802 nm emission decreases.
ot y *He 10

EL spectra for various Al compositions. Each EL spectrum
FIG. 2. Diagram of energy levels and-44f inner shell transitions of TAT was first normalized by the ELD current flow to provide a
in Al,Ga,_,N:Tm. Note that the observed emission lines at 371, 465, 527, meaningful basis for comparison. Then each spectrum was
and 634 nm were atributed (o the transitidis, —°He, 'D>—°F4, ‘D, normalized by its intensity at 478 nm in order to highlight
—Hs, and"D,—"H,, respectively. the comparison between 465 and 478 nm emissions as a
function of Al composition. A dotted line is drawn along the
known and attributed tdG,—3Hg and 3H,—3H, transi- 478 nm peaks as _guidance. The 465 nm emission is l_Jarer
tions, respectively. The 371 and 465 nm peaks are ndgresent ak=0.16, it becomes very clear for=0.39, and it
present in GaN:Tm ELDs. Minor peaks were also detected sfominates fox=0.81. The EL emission at 802 nm experi-
527, 647, and 682 nm. We have repoft¢iiat the 647 nm enped the oppqsne trend,_decrea_smg with Al compqsmon.
emission observed in GaN:Tm is due to fi@,— 3F, tran- This pat_tern |nd_|cates.that increasing the Al composm.on_re—
sition. The 527 and 684 nm peaks were not seen in GaN:TrRults in increasing efficiency for higher-level blue emission
ELDs. Note thafF, and3H, are frequently reversed in the (465 Nm at the expense of the lower energy IR emission.
literatures. The 465 nm emission is the focus of this Work,ThIS is reasonable, since the wider band gap can accommo-

since it leads to the emission enhancement of blue iffiate higher energy levels of Tm ions and provides a larger
AlLGa,_ N:Tm ELDs energy difference between hot electrons in the conduction
X —xIN- :

band and the Tm excited states.

Th levels of #-4f i hell t iti f
© energy levels o nner shew transitions o The integrated EL intensity of bluéboth 465 and 478

Tm®* in Al,Ga _,N:Tm are shown in Fig. 2. The band gap
energy in various AlGa,_ 4N alloy compositions from 0.2 to
0.8 is shown according to Vegard's law taking a bowing  10° . . . : : : 100
parameter into account. Many different groups
reported®’192%s many different values for the bowing pa-
rameter, fromb=0.25 to 2.1. Here we usk=1, which is 10
close to the average of those values. We have attempted a
attribution of the transitions for the emissions at 371, 465,
527, and 684 nm. We believe that they are due'lp,
—3Hg, 'D,—°%F,, 'D,—3Hg, and 'D,—3%H,, respec-
tively. The *Py,— 3H, transition was ruled out as the source
of the 465 nm emission for several reasdis.Even though
the 3P, level lies at~4.16 eV(equivalent to the band gap of / v
Al 3:GaedN), 465 nm emission can be observedkat0.2. Blue /IR
A very small 465 nm peak is presentxat 0.16 (see Fig. 3 - 1 ; , . , } ]
and the peak becomes very clearxat0.21 (not shown 0 0.2 0.4 0.6 0.8 1
here. (2) Other groups reported similar blue emissions from
various oxide&' =23 through upconversion, which were ob-
served at shorter wavelength than thatlﬁ4*>3H6 transi- FIG. 4. Plot of integrated EL intensityBIV) of combined blue
tion and were attributed to thD,— 3F , transition. (@465 nmr @478 nm) and IR@ 802 nm vs Al composition. Both blue
and IR EL intensity increase with Al composition, except for the case of
The AIXGal—xN:Tm EL spectra were found to Change AIN:Tm. Intensity ratio (blue/IR) monotonically increases, from-2 for

significantly with Al composition. Figure 3 shows a series of GaN:Tm to~30 for AIN:Tm.
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[ ' ‘ ' ‘ ‘ ] In summary, we have obtained enhanced blue EL emis-
- @ iy sion from ALGa ,N:Tm, especially, AIN:Tm. Increasing
I 465 nm J/l/. | the band gap enabled the excitation of a second blue line
attributed to thé'D,— 3H transition. The 465 nm emission,
which was not observed in GaN:Tm, starts to apprar
>0.15 and becomes dominant with increasing Al composi-
478 nm tion. Both EL intensity(combined blue and IRand its ratio
(combined blue/IR monotonically increase with Al compo-
sition, with the intensity ratio reaching30 for AIN:Tm. We
have confirmed that blue EL emission becomes dominant
over IR emission with increasing Al composition in the
r ] Al,Ga N host.
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