
APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 11 15 SEPTEMBER 2003
Enhanced blue emission from Tm-doped Al xGa1ÀxN electroluminescent
thin films
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Electroluminescent~EL! emission from Tm-doped AlxGa12xN (Al xGa12xN:Tm) has been observed
with various Al compositions (0<x<1). AlxGa12xN:Tm thin films were grown by molecular beam
epitaxy with in situ doping of Tm. At lower Al composition (x,0.15), blue emission at 478 nm
dominates, corresponding to the Tm1G4→3H6 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 transition1D2→3F4 , 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 blue~465 nm plus 478 nm! to infrared~801 nm! wavelengths increased monotonically
with Al composition, from;2 for GaN:Tm to;30 for AlN:Tm. © 2003 American Institute of
Physics. @DOI: 10.1063/1.1611275#
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A major challenge1,2 of electroluminescent device
~ELDs! has been to obtain bright blue emission, which c
ries the highest energy per photon~2.6–2.7 eV! of the three
primary colors. Tm-doped II–VI materials, including ZnS
have been widely studied3–5 for blue emission but have
yielded relatively weak blue EL emission at;480 nm and
strong IR emission at;800 nm. We have investigated6 the
wide band gap III–V semiconductor GaN as a host for t
film electroluminescent ~TFEL! devices, previously
reporting7 dominant blue EL emission from GaN:Tm. More
over, we have investigated several methods for enhancem
of blue emission from GaN:Tm ELDs in both brightness a
efficiency, including the ‘‘photopumping’’ method8 and
control9 of the growth temperature. The mixed III–V alloy
of GaN–AlN span a large band gap energy range from 3.
6.2 eV. Introducing AlN in GaN films doped with Er ha
been shown10 to improve TFEL device performance. Furthe
more, AlN doped with Er, Eu, and Tb has resulted
photoluminescence11 and cathodoluminescence,12,13 and EL
has been reported for AlN:Er.14 In this letter we report on the
growth of in situ Tm-doped AlxGa12xN films and the corre-
sponding effect of Al composition on the EL emission.

Al xGa12xN:Tm films were grown onp-type ~111! Si
substrates by molecular beam epitaxy with a Ga eleme
source and a nitrogen plasma source. Doping was perfor
in situ during growth from a solid Tm source. The Tm ce
temperature was fixed at 600 °C resulting in a concentra
between;0.2 and;0.5 at. %. AlxGa12xN:Tm layers were
typically grown for 1 h at 550 °Cwith a growth rate of 0.5–
0.6 mm/h. Films were grown with various Al composition
(0<x<1). The growth was performed under slightly N-ric
growth conditions: 1.5 sccm for nitrogen flow rate and 4
W for plasma power. Al composition was controlled by var
ing the Al cell temperature during growth. The total flux
group III species~Ga and Al! was kept constant~by adjusting
both Ga and Al cell temperatures! since EL properties are
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reported15 to be a strong function of V/III ratio during
growth. Al composition was determined by the x-ray diffra
tion method. According to Vegard’s law,16,17 the ~0002! peak
of Al xGa12xN is a linear function of Al composition betwee
GaN and AlN. We grew films with various Al composition
including x50 ~GaN!, 0.16, 0.21, 0.39, 0.62, 0.81, and
~AlN !. Ring-shaped Schottky diodes were fabricated for
measurements using indium tin oxide sputtering and a lift-
process. The fabrication and operation of EL devices h
been previously reported.18

Figure 1 shows the EL emission spectrum from
AlN:Tm ELD. Negative 120 V dc bias was applied and cu
rent flow was;68 mA, which is about two orders of mag
nitude more resistive than GaN:Tm films under a similar b
condition. Major EL emission peaks were observed in
UV region ~371 nm!, the blue region~465 and 478 nm!, and
the IR ~802 nm!. The 478 and 802 nm emissions are we

FIG. 1. EL emission spectrum from an ELD on AlN:Tm film under a neg
tive bias 120 V,;68 mA. Strong EL emissions are observed at 371, 46
478, and 802 nm. Weak emissions are also detected at 527, 647, and 68
The 371 and 465 nm emission lines have not been previously observe
GaN:Tm.
4 © 2003 American Institute of Physics
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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known and attributed to1G4→3H6 and 3H4→3H6 transi-
tions, respectively. The 371 and 465 nm peaks are
present in GaN:Tm ELDs. Minor peaks were also detecte
527, 647, and 682 nm. We have reported9 that the 647 nm
emission observed in GaN:Tm is due to the1G4→3F4 tran-
sition. The 527 and 684 nm peaks were not seen in GaN
ELDs. Note that3F4 and3H4 are frequently reversed in th
literatures. The 465 nm emission is the focus of this wo
since it leads to the emission enhancement of blue
Al xGa12xN:Tm ELDs.

The energy levels of 4f – 4f inner shell transitions of
Tm31 in Al xGa12xN:Tm are shown in Fig. 2. The band ga
energy in various AlxGa12xN alloy compositions from 0.2 to
0.8 is shown according to Vegard’s law taking a bowi
parameter into account. Many different grou
reported16,17,19,20as many different values for the bowing p
rameter, fromb50.25 to 2.1. Here we useb51, which is
close to the average of those values. We have attempte
attribution of the transitions for the emissions at 371, 4
527, and 684 nm. We believe that they are due to1D2

→3H6 , 1D2→3F4 , 1D2→3H5 , and 1D2→3H4 , respec-
tively. The 3P0→3H4 transition was ruled out as the sour
of the 465 nm emission for several reasons.~1! Even though
the3P0 level lies at;4.16 eV~equivalent to the band gap o
Al0.35Ga0.65N), 465 nm emission can be observed atx,0.2.
A very small 465 nm peak is present atx50.16 ~see Fig. 3!
and the peak becomes very clear atx50.21 ~not shown
here!. ~2! Other groups reported similar blue emissions fro
various oxides21–23 through upconversion, which were ob
served at shorter wavelength than that of1G4→3H6 transi-
tion and were attributed to the1D2→3F4 transition.

The AlxGa12xN:Tm EL spectra were found to chang
significantly with Al composition. Figure 3 shows a series

FIG. 2. Diagram of energy levels and 4f – 4f inner shell transitions of Tm31

in Al xGa12xN:Tm. Note that the observed emission lines at 371, 465, 5
and 684 nm were attributed to the transitions1D2→3H6 , 1D2→3F4 , 1D2

→3H5 , and1D2→3H4 , respectively.
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EL spectra for various Al compositions. Each EL spectru
was first normalized by the ELD current flow to provide
meaningful basis for comparison. Then each spectrum
normalized by its intensity at 478 nm in order to highlig
the comparison between 465 and 478 nm emissions a
function of Al composition. A dotted line is drawn along th
478 nm peaks as guidance. The 465 nm emission is ba
present atx50.16, it becomes very clear forx>0.39, and it
dominates forx>0.81. The EL emission at 802 nm exper
enced the opposite trend, decreasing with Al compositi
This pattern indicates that increasing the Al composition
sults in increasing efficiency for higher-level blue emissi
~465 nm! at the expense of the lower energy IR emissio
This is reasonable, since the wider band gap can accom
date higher energy levels of Tm ions and provides a lar
energy difference between hot electrons in the conduc
band and the Tm excited states.

The integrated EL intensity of blue~both 465 and 478

FIG. 4. Plot of integrated EL intensity~BIV ! of combined blue
(@465 nm1@478 nm) and IR~@ 802 nm! vs Al composition. Both blue
and IR EL intensity increase with Al composition, except for the case
AlN:Tm. Intensity ratio ~blue/IR! monotonically increases, from;2 for
GaN:Tm to;30 for AlN:Tm.

,

FIG. 3. EL spectra of AlxGa12xN:Tm films with various Al compositions.
Each EL spectrum was normalized by its current flow and then normal
once again by its intensity at 478 nm. A dotted line along 478 nm peak
shown for guidance. The 465 nm emission becomes stronger with increa
Al composition while the 802 nm emission decreases.
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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nm! and IR ~802 nm! are plotted versus Al composition i
Fig. 4. We used current-normalized EL intensity24 ~BIV ! in-
stead of raw intensity in order to minimize the influen
from many factors including those associated with EL dev
fabrication. Both blue and IR EL intensity increase with
composition up tox50.8, but decrease for AlN:Tm. Th
intensity ratio ~blue/IR! monotonically increases, from;2
for GaN:Tm to ;30 for AlN:Tm. Reduced intensity from
AlN:Tm could be due to the extremely resistive nature
AlN:Tm.

The effect of applied voltage on the EL emission inte
sity at several emission wavelengths~371, 465, and 478 nm!
is shown in Fig. 5. All emission peaks show the same tre
increasing monotonically with bias in Fig. 5~a!. The EL in-
tensities exhibit a power dependence with bias (}Vn), and
n57.5, 7.8, and 6.0, at the three wavelengths. As previou
reported,3,9 this indicates that the major emission mechani
is direct impact excitation of Tm31 by hot electrons. The
emission intensity ratios show two very interesting tre
with bias: the 371/465 ratio is constant, while the 465/4
ratio monotonically increases. The constant behavior of
371/465 ratio strongly indicates that both 371 and 465
emission lines originate from the same energy level, nam
1D2 .

FIG. 5. ~a! Plot of EL emission intensity~BIV ! vs applied bias. EL intensi-
ties have power dependence with bias (}Vn). ~b! Plot of intensity ratios vs
applied bias. Note that the constant behavior of the 371/465 ratio indic
that both 371 and 465 nm emission lines originate from the same en
level, namely1D2 .
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In summary, we have obtained enhanced blue EL em
sion from AlxGa12xN:Tm, especially, AlN:Tm. Increasing
the band gap enabled the excitation of a second blue
attributed to the1D2→3H6 transition. The 465 nm emission
which was not observed in GaN:Tm, starts to appeax
.0.15 and becomes dominant with increasing Al compo
tion. Both EL intensity~combined blue and IR! and its ratio
~combined blue/IR! monotonically increase with Al compo
sition, with the intensity ratio reaching;30 for AlN:Tm. We
have confirmed that blue EL emission becomes domin
over IR emission with increasing Al composition in th
Al xGa12xN host.
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