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Blue emission from Tm-doped GaN electroluminescent devices
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Blue emission has been obtained at room temperature from Tm-doped GaN electroluminescent
devices. The GaN was grown by molecular beam epitaxy 6hl%i substrates using solid sources

(for Ga and Tmand a plasma source for,Nndium—tin—oxide was deposited on the GaN layer and
patterned to provide both the bigsmall areaand groundlarge areatransparent electrodes. Strong

blue light emission under the bias electrode was observable with the naked eye at room temperature.
The visible emission spectrum consists of a main contribution in the blue region at 477 nm
corresponding to the Tm transition from th&, to the *Hg ground state. A strong near-infrared

peak was also observed at 802 nm. The relative blue emission efficiency was found to increase
linearly with bias voltage and current beyond certain turn-on levels19899 American Institute of
Physics[S0003-695(99)05641-7

The development of compound semiconductor-basethased on the vapor pressure at the evaporation temperature
light emitting diodegLEDSs) covering the entire visible spec- and comparison with similar Er-doped GaN growth.
trum has been under way for almost three decades. the To fabricate ELDs on the GaN:Tm we utilized transpar-
past decade, attention has focused on GaN and relatesht and conducting metal electrodes of indium—tin—oxide
InGaAIN alloys whose composition was varied to achieve(ITO). The ITO contacts were formed using rf-sputtering in
the suitable band gap for producing the desired emissioponjunction with a liftoff process. The ITO target had a com-
color??® We are developing an alternative approach to pro-position of 90% 1805 and 10% Sn@ A deposition rate of
ducing GaN-based LEDs which could cover the visi@ded  ~85 A/min was obtained by sputtering at a pressure of 3.5
infrared spectrum utilizing the doping of GaN with lumines- mTorr with 100 W of rf power{which resulted in a direct
cent rare eartiRE) species. In our approach the GaN hostcurrent(dc) bias of —212 V). The ITO film was~5100 A
material does not require alloying with either InN or AIN, thick and had an as-deposited sheet resistance d®/4q.
but rather the RE atoms are chosen for doping based on thgnnealing in N, for 2 min at 450 °C reduced the sheet resis-
energy of photon emission from their inner shell levels. Wetance to~8 (/sq. The optical transmission of the ITO film
have recently shown that RE-activated photoemission iwas measured separately. At the main wavelengths of inter-
GaN can produce gre&i (based on Er dopingand red  est, transmission values 6£86% and~83.5% were ob-
light (based on Pr doping as well as near-infrarediR)  tained at wavelengths of 480 and 800 nm, respectively. Elec-
emissiol (using either Er or Pr dopingIn this letter, we  troluminescence data were collected using Acton Research
present a blue electroluminescent devig# D) based on and Ocean Optics fiber optic spectrometers. All measure-
RE-doping of GaN, utilizing the rare earth element thuliumments reported were made at room temperature.
(Tm). We have selected Tm because it is known to have an  Examples of blue emission from GaN:Tm ELDs are seen
inner shell transition corresponding to blue emission and ton Fig. 1. In Fig. 1a), the ring geometry ELD with a small
be a very efficient luminescing species in a variety of hosrea of 7.6% 10 * cn? requires only 1-2 mA to produce
materials, including, among others, ZHSZnO"* YAG,"”  pjue emission visible with the naked eye under normal am-
fluorozirconate;? zinc borosulphaté} and fluorophospaté  pjent lighting conditions. The photograph was taken under
glasses. bias conditions of 83.4 V and 7.13 mA. Emission from a

Tm-doped GaN films were grown in a Riber molecular |arger device(with an area of 0.125 cfj is shown in Fig.
beam epitaxy(MBE)-32 system on 2 inp-Si (111) sub-  1(p) operated under bias conditions of 55 V and 101 mA. In
strates. Solid sources were employed to supply th&B&  poth cases the emitting electrode was positively biased. Re-
purity) and Tm(3N) fluxes, while an SVTA radio frequency yersing the bias polarity also produced blue emisgfoom
(rf)-plasma source was used to generate atomic nitrogen. F@fe same physical regianbut with a lower intensity. While
the work reported here, a GaN buffer layer was first deposyariations in emission intensity and electrical characteristics
ited for 10 min at a temperature of 600 °C, followed by GaNere observed depending on the location of the device on the
growth at a temperature of approximately 800 °C. Thegypstrate, the results presented below are representative.
growth conditions were as follows:,Nlow rate of 1.5 sccm The optical and electrical characterization of GaN:Tm
at a plasma power of 400 W, Ga cell temperature of 870 °Cg| ps ytilized the ring devices. A typical EL spectrum is
and Tm cell temperature of 560-570 °C. GaN:Tm films withghown in Fig. 2 for an ELD operated at a bias of 116 VV and
thickness of~1 pm were grown in 1 h. The Tm concentra- 1 93 maA. The spectrum extending from 450 to 850 nm in-
tion in the GaN layer is estimated to be10"-1CG%cn?,  (ydes two major linesta) in the blue at 477 nm antb) in
the near infraredIR) at 801 nm. As discussed in more detail
dElectronic mail: a.steckl@uc.edu below, the intensities of the blue and IR emission lines are
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FIG. 1. Blue emission from ITO/GaN:Tm ELDsa) ring structure, area of
7.65x10°* cn?; ring width of 75 um; bias conditions of 83.4 V and 7.13
mA; (b) dot structure with 0.125 cfnarea; dot diameter of 4 mm; bias
conditions of 55 V and 101 mA.
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FIG. 3. Energy levels and electroluminescent transitions in Tm-doped GaN.

than that of the near-IR peak. Photoluminesce(iie char-
acterization of the same GaN:Tm films grown on Si per-
formed with a He—Cd laser excitation source at a wavelength
of 325 nm, corresponding to an energy greater than the GaN
band gap, also produced emission from the same two Tm
transitions.

The emission lines observed from the operation of the
GaN:Tm ELD have been identified as transitions between
Tm 4f inner shell levels. Figure 3 indicates the relevant Tm
levels contained within the GaN band gap. The energy value
in parentheses next to each level is obtained from either re-
ported value¥ for Tm*" in Y,05 (shown in italic$ or cal-
culated from our EL spectrunishown in bold. The blue

approximately equal. The linewidths of the 477 and 801 nnemission at 477 nm is caused by electronic transition from

peaks had full widths at half maximutRWHM) of 7.5 and

the 1G, level to the®Hg ground state of Tm. The near-IR

9.86 nm, corresponding to 40.9 and 19.1 meV, respectivelyline at 801 nm can be associated with either the transition

For comparison, we have previously repoftéd FWHM of

6 nm (25.8 meV for the 537 nm green EL line in GaN:Er
and a FWHM of 7.4 nn(21.7 meV for the 650 nm red EL
line in GaN:Pr. A similar emission spectrum was repotied
from Tm-implanted GaN utilizing cathodoluminescence.

However, in that case the blue emission was much smallel
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FIG. 2. Room temperature, visible EL spectrum of GaN:Tm ELD.

between théF , and®Hg levels or between th&G, and®Hs
levels. We attribute the smaller red peak at 647 nm to the
transition between théG, and H, levels. It should be
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FIG. 4. EL of 477 and 802 nm lindgand their ratip as a function of applied
voltage.
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3.0 prerrr 5(a) indicates a weak exponential power dependence which
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05 - @ ] can be fit to the equatioh=Ae"Vo, whereV, is approxi-

; ] mately 28 V. The EL relative efficiency, defined as the EL
20t . intensity divided by the bias current, is shown as a function
15EF 3 of device voltage and current in Figsbb and 5c¢), respec-

: ] tively. The relative EL efficiency for both 477 and 801 nm
101 . 3 emissions shows a sharp threshold-&.8 mA, followed by

z 20F
E
3
050EF E a region of linear increase. It is interesting to point out in the
linear regime, the slope of the 477 nm line is roughly twice
0.0 a0 708080100 110 that of the 801 nm line. For bias currents larger tha®.3
Voltage (V) mA, the efficiency is essentially constant. The voltage de-
2504?. L0 .6,0. — .7,0. - .8,0. - .9,0. . .??9. ‘1._10 pendence of the relative EL efficiency shows a different be-
£ (b) 4] havior for the emission lines. As seen in Figbp the rela-
g 200[ 477 nm ] tive EL efficiency at 477 nm increases linearly with voltage,
= ; A ] while for the 801 nm a pronounced saturation is observed.
z 150 3 However, both curves extrapolate to approximately the same
§ 1002_ ] threshold voltage of-46 V. In the future it is important to
£ s 801 nm ] determine the absolute efficiency values for the different
W sk " 3 various wavelengths emitted by the GaN:Tm ELD. The rela-
" ] tive EL efficiency data presented here represents only a pre-
Y liminary trend.
250

)

In summary, we have reported the blue emission and the
electroluminescence characteristics of Tm-doped GaN. In
conjunction with our previous results with green emission
from GaN:Er and red emission from GaN:Pr, we have now
shown that the entire visible spectrum can be covered by
utilizing GaN devices doped with various rare earths.
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