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Green electroluminescence from a Th-doped AIN thin-film device on Si
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Green photoluminescence and electroluminescéBte from Tb implanted AIN films have been
observed at room temperature. The AIN films of 180 nm thickness were growtyge S{111) by
metalorganic chemical vapor deposition. X-ray diffraction shows that the AIN is polycrystalline.
The AIN films were doped by ion implantation of Tb to a peak concentration of 1 at. %. A
postimplantation annealing step was required to obtain optically active Tb ions. A dc EL device was
fabricated using a transparent ZnO:Al top electrode. The strong room-temperature green light
emission was observable with the naked eye. It was obtained with a drive current density of 2—-70
mA/cn? at a drive voltage of 70—100 V. The emission lines between 490 and 650 nm originate from
Tb3* transitions from théD, level to ground state multiplets. The observed luminescence lifetimes
are approximately 0.5 ms. @002 American Institute of Physic§DOI: 10.1063/1.1497461

I. INTRODUCTION band gap of 6.2 eV indicates that it is suited for RE-based
optical emission. This is not only due to the large wavelength
Silicon-based optoelectronics are still in need of an effi-range but also due to the lower thermal quenching of the RE
cient optical emitter. Rare-eartfRE) doped crystalline Si luminescence, which is inversely proportional to the band
has been used as a host for IR emission. Since high-qualityap of the host semiconductot.Cathodoluminescence and
crystalline Si detectors are available for visible wavelength, gphotoluminescencéPL) of RE-doped AIN have been re-
compatible Si-based light source is highly desirable. Widgported by several groups!! Visible EL emission from a
band gap hosts as SJOSiN,, SiC, GaN, or AIN may be RE-doped AIN film was observed from an Er-doped
deposited on Si and used as hosts for ions, which emit visiblalternating-current thin-film EL structuré In this article, we
luminescence. Electrical excitation of these ions is possiblepresent Th-implanted AIN dc EL device.
although, at present, it is not as efficient as the band to band
electroluminescenodL) of direct band gap semiconductors. Il. EXPERIMENTS AND RESULTS
RE doped wide band gap materials emit at individual char-
acteristic wavelengths and allow different excitation pro-
cesses, especially electron—hole recombination at the R
dopants or hot carrier impact excitation of the RE ions.
Among the IlI-V semiconductors, recently, GaN has bee

Thin films of AIN were grown on 2 in. diametertype
i(111) substrates by metalorganic chemical vapor deposi-
jon (MOCVD) at 720 °C. The thickness of films was 185
nm. This was confirmed by Rutherford backscattering spec-
tudied fully In addition to it lent r]trometry(RBS). RBS channeling and x-ray diffraction re-
siudied very successiully. In-addition 10 [t exCelient —yoqaq that all films were polycrystalline. In order to study
chemical stability, the wide band gap of 3.4 eV makes GaN 3he PL of Tb ions in AIN. Tb ions were implanted at room
suitable host for RE ions, permitting the optical emission Oftemperature The quencé was 2705 Th/cn? at 200 keV
a wide spectrum of wavelengths. In comparison, AIN hasand 5.4¢ 1015 Th/cn? at 400 keV. ieading to a maximum Th
received much less attention, although it is SucceSSfu”y.'Q:oncentration of 1 at. %, located in the center of the insulat-
use as a buffer layer f70r thesgrovvth of GaN. Undoped AIN is;, jim A previous PL study of the concentration depen-
highly resistive(p=10 -10°0 cm) and intentional doping  jence of Th in Si@had shown that a higher Th concentra-
appears to be difficult. The doping issues of AN have beefj, 6445 to strong crossrelaxatihThe computer code
carefully analgzed and compared to the situation n GaN ancliRlM was used to determine the implantation parameters. The
AlGaN alloys:” However, AIN has some outstanding phySi- regyiting Th depth profile was verified by RBS and is shown
cal properties, such as hardness, high thermal conductivity, @ rig 1. To optimize the luminescence intensity of AIN:Tb,
high melting temperature, and a reasonable match of thg,, samples were annealed for 30 min at 750 °C, 850 °C
thermal expansion coefficient to a Si substfatés wide 950 °C, or 1050 °C in a nitrogen ambient. Annealing at any

of these temperatures did not result in a noticeable diffusion
dElectronic mail: c.buchal@fz-juelich.de of the RE dopants. One example is given in Fig. 1. An Ar
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FIG. 3. Schematic drawing of the AIN:Tbh EL device. The Tb in the S
not pumped by the drive current and is not active in the EL experiments.
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Finally, a transparent top electrode was deposited. We used
FIG. 1. RBS spectrum, showing the depth profile of implanted Tb in AIN 300 nm of ZnO:Al. This electrode has a transmission of ap-
before and after annealing. proximately 80%—85% for green light. The bottom contact
was formed by the Si substrate. Similar devices were fabri-
cated to study Si@as the host for the RE ions. In this case,
the AIN layer was replaced by another Si@yer. The EL

the excitecPL q level 11 The measured spectra are shown insignals were collected using a spectrometer, a photomulti-

Fig. 2. Annealing at 850 °C gave the strongest integrated PEher, and a lock-in amplifier. All of the measurements were
intensity. made at room temperature.

Based on these findings, the devices for EL were fabri- Figure 4 shows the current—voltage-V) characteristics

cated. For a schematic drawing, see Fig. 3. First, a layer o?{ a ?'25 mid strfuc_:tlure. The tt)fin? a!|gnmtﬁnt of thet hetero-
200 nm SiQ was deposited onto the as-grown AIN by structure seems fairly symmetrical, since the current is essen-

plasma enhanced chemical vapor deposition in order to préu_allyénlnocliepetndent of t'r;e S|gn|tof the ap:pllde(i v?rlltagze. OF?r'
vent any contamination of the AIN surface and to provide theVar enotes a positive voltage applied fo the ~nt top

overall electrical insulation. As the next step, windows Weretelectrfqo:g Tfunrl;ellr:glsgtslv;c/ /at about 30 \t/hwmﬁ\r; c:trrﬁ_sphonds
etched into the Si® The diameter of the windows varied 0 a field of about L. cm across ne ) Igher

from 0.2 to 1 mm. Then, the Th was implanted as mentione ields, an exponential increase is observed. Thesechar-
herein, giving again a ,maximum concentration of 1 at. %_acteristics of AIN are similar to those of Sj@lthough no

o : tunneling current was observed in Si@t fields below 6
The samples were annealed at 850 °C ipn fiir 30 min. .
ples w B ! MV/cm.'® EL was excited by current pulses of 22 ms dura-

tion and 20 Hz repetition. The visible part of the EL spec-

laser \=351 nm was used to excite the PL. This energy
matches the intra-4f transition from the ground le{fe} to

trum is shown in Fig. 5. The green light was observable with
. the naked eye. The lines at 492, 548, 591, and 625 nm cor-
10s0°c respond to the transitions from tf®, level to the ground
state multiplets’D;. The transition fron?D, to 'F5 of Th
dominates the green emission. No blue transitions from the
D, level were seen. This may be due to the Th concentra-
2 950°C tion of 1%. At this concentration, the crossrelaxation be-
2z M tween two excitedD, and°D states tdF¢ and’F ground
O
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FIG. 2. PL spectra of Tb implanted AIN after annealing at different tem-
peratures. FIG. 4. |-V characteristics of the AIN:Tb structure shown in Fig. 3.
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FIG. 5. EL spectra of AIN:Tb and SiOrb. . i . 5
quantum efficiency of Th:AIN is estimated to be X.50™ >,

considering the Fresnel reflectiorisptical index of AIN:
n=2.2) and the photon emission cone. Note, that the internal
guantum efficiency of this structure is strongly dependent on

12 and 17 nm, respectively. These are the same linewidths ége_quallty and homogene_lty of the A.IN film, since any IC.JW
observed in the well-known spectra emitted from Tb within ar_e5|stance cur_rent path will _not co_n_trlbute o the EL excita-
host of ZnS'® Figure 6 shows the time dependence of the gLtion and deteriorate the device efficiency.

signal ath=548 nm, recorded by an oscilloscope. The decay
time constant~0.5 ms is similar to the Tb luminescence ' SUMMARY

lifetime in other semiconductor8:***" The intensity of the In summary, we have reported green emission from a Th
emission ah =548 nm is plotted as a function of bias currentimplanted AIN EL device. Polycrystalline AIN films were

in Fig. 7. The EL intensity increases stronger than linear withprepared by MOCVD on $&111). 1 at. % of Th was intro-
the bias current. For low current densities, we find~-§E%, ~ duced by ion implantation. After annealing at a moderate
at current densities exceeding 35 mAfcthe luminescence temperature, the PL and EL emission spectra of Th:AIN
intensity scales as ELj32 A stronger than linear increase is show four lines in the visible range, which correspond to the
expected, because at higher electrical fields not only théransitions from°D, to ground state multiplets. As a poly-
number of hot carriers increases, but also their average kerystalline film of AIN on Si is fairly easy to grow and dope
netic energy. At higher carrier energies, increasing excitatiomy ion implantation, the presented system has significant po-
Cross sections are observed, since more Th stdtigher tential for applications.

excitation energy are involved. No saturation is observed

even at a current density as high as 70 mAfcwhich is the  ACKNOWLEDGMENT

maximum current density used. The green EL emission spec-
tra from Th:AIN and Tb:Si@ are similar, but for the same
bias current, the EL intensity from Th:AIN is only one third
of that from Th:SiQ. The external EL quantum efficiency of
the Tb:SiQ device was 4 10 ° (Ref. 18 and the external

states sets if? The observed linewidth&ull width at half
maximum) of the°D, to 'Fg and®D, to ’F5 transitions are
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