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Room-temperature-grown rare-earth-doped GaN luminescent thin films
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Visible emission has been observed from rare-eéRif)-doped GaN electroluminescent devices
(ELDs) as-grown near room temperature ons)—100 °Q: red from GaN:Eu, green from GaN:Er,

and blue from GaN:Tm. Green emission at 537/558 nm from GaN:Er ELD had a measured
brightness 0f~230 cd/nf at 46 V bias. X-ray diffraction indicates that the low-temperature-grown
GaN:Er structure was oriented with thexis perpendicular to the substrate. Scanning electron and
atomic force microscopy indicate that the films had a rough surface and a compact structure
consisting of small grains. Electroluminescence intensity of GaN:RE was significantly improved
with postgrowth annealing. For GaN:Er films, after 800 °C annealing, the green emission brightness
efficiency increased by 10X. © 2001 American Institute of Physic$DOI: 10.1063/1.1406138

Rare-earthRE)-doped GaN has been shoto be an  of the GaN:Er film using indium—tin—oxiddTO) sputtering
extremely versatile optoelectronic material, with light emis-and a lift-off process. The ITO film has more than 90% trans-
sion throughout the visible spectrum and at important nearmittance over the whole visible light range. The electrode
infrared wavelengths. GaN thin films are usually grown athas an area of 7.6510 *cn? and its detailed structure is
relatively high temperature, such as 1000-1100°C foreported elsewher®.
chemical vapor deposition and 600—800°C for molecular We have obtained red, green, and blue emission from
beam epitaxyMBE). The standard MBE process for situ ~ ELDs on GaN doped with Eu, Er, and Tm, respectively. Fig-
RE doping of GaN has resultéih the successful fabrication ure 1 shows the EL spectra from GaN:RE ELDs grown at
of electroluminescent devicd&LDs) with red, green, and 100 °C. Red light at 621 nm comes from the characteristic
blue color emissions using Eu, Er, and Tm, respectivelyemission of E&", namely the’Do— F, 4f—4f transition.
Growth of luminescent GaN:RE thin films at much reducedTwo green emissions, at 537 and 558 nm, are caused by two
temperatures has many potential advantages, such as Idw°" transitions: ®Hyy;,— 115, and Sg—*l 15, respec-
cost, a simple process, many deposition options, and possiblvely. Blue emission at 477 nm comes from the ntran-
deposition on Si-based circuitry. Low-temperature growth ofSition: 1G4—°Hg.

RE-doped GaN and resulting amorphous or polycrystalline ~ Figure 2 shows current—voltagé V) characteristics
films has certain advantages over high-temperature growrnder dc bias and the brightness of a GaN:Er ELD. We have
crystalline GaN: much lower stress due to lattice and thermaPbtained a brightness 6230 cd/nf at 46 V, which is higher
expansion mismatch, films which are relaxed after growttfhan the requirement for cathode-ray tukesL00 cd/nf).

and can be easily scaled up for commercial production. Sevlhe current flow, however, was significantly higher than
eral groups have reported efforts to achieve this goal witfrom GaN:Er devices grown at high temperature. It was
GaN growth on oxide films or on glass substrdtéeing a about 60 mA at 46 V, while in high-temperature-grown
main focus. For example, Yamad al. recently reportef GaN:Er ELDs the same applied bias of the current flow is
the successful growth of polycrystalline GaN on various sub-

strates at high temperature. Gurumuruggtral. reported T , T T .
visible cathodoluminescence and Dimitrogaal. reported
electroluminescentEL) emission from amorphous AIN:Er
films. In this letter, we report on visible EL emission—red,
green, and blue—from GaN:RE thin films grown in the vi-
cinity of room temperature: 50—100 °C.

GaN films were grown om-type (111) Si substrate by
MBE with a Ga elemental source and a nitrogen plasma
source. Doping of individual RE elemen(t&r, Eu, and Tm
was performedin situ during growth from solid sources.
GaN:RE layers were typically grown for 1 h, resulting+1
pum thickness. Reflection high energy electron diffraction . .
during growth showed ring patterns which indicate amor- 400 450 500 550 600 650 200
phous or polycrystalline films. For EL measurements a Wavelength (nm)

simple ring-shaped Schottky electrode was fabricated on top

FIG. 1. EL emission spectra from ELDs on rare-earth-doped GaN as-grown

at 100 °C. Red from GaN:Eu, green from GaN:Er, and blue from GaN:Tm.

dAuthor to whom correspondence should be addressed; electronic maiCharacteristic 4-4f innershell transitions are specified for each emission
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250 T 100 even at this low temperature. However, the intensity is very
[ i /}\ ] weak compared to the @il1) peak, which indicates that the
200 / 80 film is weakly polycrystalline. Scanning electron microscope
— : - (SEM) and atomic force microscopAFM) images of a
£ ol ‘ / 1¢o €  GaN:Er film are contained in Fig.(8). Both images show
= i : 4——;@5 : }‘D_’: % that the film has a fairly rough surface with small grains. The
g i v 1 &  SEM cross section exhibits a tightly packed film with colum-
£ 100 ; / A 140 3 nar grains. This is consistent with the XRD of preferential
@ r / ' growth orientation perpendicular to the substrate surface.
S0 AN 2l 720 The small grains are probably due to the low Ga surface
X ;,iv ; ] mobility at this very low growth temperature. The resulting
o) BT e = NS ) grain size seems to be in the range of 10-100 nm. The rms
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roughness of this film measured by AFM was 9.4 nm, which
Applied Voltage (V)

is ~4 times higher than that of high-temperature-grown
FIG. 2. | -V characteristics of a GaN:Er ELD and its corresponding bright- GaN:Er. To investigate the material characteristics of the film
ness. Measured brightness wag30 cd/n? under 46 V of negative bias. in more detail, we have carried out Fourier transform infra-
red (FTIR) measurement. The FTIR spectra of GaN:Er films

usually 1 order of magnitude smaller. One possible explanadfown both at low(100°Q and high(700°Q temperature

tion for this may come from the high density of defects andare shown in Fig. 4. Each has a peak at 5733crwhich is
dislocations present in low-temperature-grown GaN:Er, reattributed to Ga—N stretching vibration in the hexagonal

sulting in electrically leaky characteristics. GaN crystals and is similar to results obtained for GaN on Si
We have performed x-ray diffractiofiXRD) measure- (111) using a BN buffer layet™'?
ments to investigate the GaN crystalline quality. Figu(a 3 Postgrowth annealing was investigated at temperatures

shows the preferentidD002 orientation of hexagonal GaN from 600 to 1000 °C, in 100 °C steps. The films were an-
at 26=34.5°, indicating that-axis preferred growth occurs nealed for 2 min using rapid thermal annealing under N
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800 e T ments performed before and after annealing found no change
: 7 ‘ in the XRD intensity. The brightness improvement after an-

£—< Ga-— N stretching mode \ _ ovemen
250 M - nealing could come from increased Er activation in GaN, as
C P : : ] reported? in the case of AIN:Er deposited by sputtering fol-
»00 [ \\ High-Temp. GaN ] lowed by high temperature annealing. Another possibility is

that annealing may improve the crystalline quality only near
the surface region. More work is needed to explain this im-
150 provement.

In summary, we have shown that optically active

100 p V A GaN:RE films can be grown at surprisingly low temperatures

- Low-Temp. GaN:Er :blrﬁ (<100°Q. EL emission was observed from as-grown films.
P PR S PRI TS SN B TS TS A .
400 600 800 1000 1200 1400 1600 1800 2000 It appears that the Nrf plasma and Ga evaporation cell
provide enough energy to form nanoscale grains of GaN.
However, due to the low substrate temperature, migration of
FIG. 4. FTIR spectra of a low-temperature-grown GaN:Er film and a high-Ga adatoms on the surface is very limited. As a result, three-
temperature-grown GaN film as a reference. Peak at 573 ésmattributed dimensional gl’OWth with very small grains is most probably
to Ga—N stretching vibration in the hexagonal GaN crystal. . . . . . .
achieved in this growth regime. Each GaN grain is still as-
sumed to be subject to the conditions for good GaN “films.”

er_1vir0nment. _The resul_ting_ normaliz_ed brightness versus 8 other words, the factors affecting the quality of GaN films
plied voltage is plotted in Fig. 5 for difierent anneal tempera—are also applicable to these small grains: stoichiometric

tures. BIV is defined as “brightness normalized by current rowth (i.e., V/IIl ratio), rf-plasma power, and so on. More

flow versus voltage.” Since the EL brightness was mfluenc_e mportantly, stoichiometric growth is assumed to be the key

fbybrrinart]iy r:a({‘:\ors '?fll:]?'ggrmoﬁze gss:?cﬁ;ed W:th Er|;1 dreV|c actor in obtaining strong EL-emitting GaN:RE even for low
abrication, the current-normalize ghtness is & more ape, 1o ratre growth.

propriate parameter to evaluate rather than the raw bright-
ness, since it provides an indication of light emission inde-  This work was supported by ARO Grant No. DAAD19-
pendent of current flow. The brightest EL emission was99-1-0348. Equipment support was provided by an ARO
obtained from 800 °C-annealed films and was abett  URI grant and the Ohio Materials Network. The authors
times higher than that from the as-grown film. With increas-thank J. Heikenfeld and E. S. Park for the brightness and
ing temperature above 800 °C, the brightness decreased apd|R measurements. The authors are also pleased to ac-
finally no emission was detected at 1000 °C. XRD measureknowledge the support M. Gerhold, N. El-Masry, and J. Za-
vada.
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