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Green emission from Er-doped GaN grown by molecular beam epitaxy
on Si substrates

R. Birkhahn and A. J. Steckla)

Nanoelectronics Laboratory, University of Cincinnati, Cincinnati, Ohio 45221-0030

~Received 6 July 1998; accepted for publication 10 August 1998!

Visible light emission has been obtained from Er-dopeda-GaN thin films grown on Si~111!. The
GaN was grown by molecular beam epitaxy using solid sources~for Ga and Er! and a plasma gas
source for N2. Photoexcitation with a He–Cd laser resulted in strong green emission from two
narrow green lines at 537 and 558 nm identified as Er transitions from the2H11/2 and4S3/2 levels to
the4I 15/2 ground state. X-ray diffraction shows the GaN:Er to be a wurtzitic single crystal film. The
growth temperature is seen to have a strong effect on the GaN:Er surface morphology. ©1998
American Institute of Physics.@S0003-6951~98!02641-2#
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In the development of GaN technology, sapphire is co
monly utilized as a substrate due to a lack of homoepita
substrates, in spite of its large mismatch to GaN. Silic
which also has a large lattice mismatch with GaN~;20%!, is
a potential alternative to growth on sapphire, due to its h
quality and wide availability as a large diameter and low c
substrate. Silicon also benefits from its extensive utilizat
in the semiconductor industry. Any potential devices th
make use of Si can more readily be integrated into indus
processes and exploit current technology. Previous rese
has reporteda-GaN andb-GaN grown by both molecula
beam epitaxy~MBE!1–3 Si~111! and metalorganic chemica
vapor deposition4 on Si~100! substrates.

In situ incorporation5–8 of Er into AlN and GaN grown
by MBE on both sapphire and silicon and its room tempe
ture infrared ~IR! emission has been reported. We have
cently reported9 the first visible ~green! emission from Er-
doped GaN grown by MBE on sapphire substrates. In
letter, we report on Er-doped GaN growth experiments
Si~111! substrates, which demonstrate the feasibility of E
inducedvisible light emission and the possibility of integra
tion with Si technology.

Er-doped GaN films were grown in a Riber MBE-3
system on 2 in.p-Si(111) substrates. Solid sources we
employed to supply the Ga~7 N purity! and Er~3 N! fluxes,
while a SVTA rf plasma source was used to generate ato
nitrogen. The films were grown without initial nitridation
Plasma characteristics were kept constant throughout gro
at 400 W rf power with a N2 flow rate of 1.5 sccm, corre
sponding to a chamber pressure of mid-1025 Torr. A buffer
layer was deposited for 10 min at a temperature 200
lower than the growth temperature. Er-doped GaN grow
experiments were typically performed for 3 h, with substr
temperatures ranging from 750 to 950 °C and a constan
beam pressure during growth of 8.231027 Torr ~cell tem-
perature of 922 °C!. The Er cell temperature was kept co
stant at 1100 °C producing an approximate Er concentra
of 231020/cm3 as measured by secondary ion mass sp
trometry. The resulting GaN film thickness at the lower e
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of the temperature range was;2.4 mm, giving a nominal
growth rate of 0.8mm/h. However, at the higher end of th
growth temperature range, the growth rate decreased sig
cantly.

Photoluminescence~PL! characterization was performe
with a He–Cd laser excitation source at a wavelength of 3
nm, corresponding to an energy greater than the GaN b
gap. The laser beam was focused to a spot size of'200mm
with incident power on the sample at 4–8 mW. PL excitati
resulted in light green emission from the Er-doped G
films, visible with the naked eye. The room temperature
at visible wavelengths is shown in Fig. 1 for a GaN fil
grown on Si at 750 °C substrate temperature. For comp
son, a sample previously grown on sapphire at 750 °C un
similar conditions ~Er cell temperature51100 °C) is also
shown. The PL spectra were not taken with the same exc
tion power and, therefore, the relative intensities are not
rectly comparable. However, the same features are obse
in both spectra. For growth on both substrates, two ma
emission multiplets are observed in the green wavelen
region with the strongest lines at 537 and 558 nm. Th
emission lines are produced by the Stark split2H11/2 and

FIG. 1. PL spectra of Er-doped GaN films grown at 750 °C on sapphire
Si~111!, with Er cell temperature of 1100 °C. Inset is UV band-edge em
sion of GaN film grown on Si. The PL is performed at room temperat
with the He–Cd laser line at 325 nm.
3 © 1998 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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4S3/2 transitions to the4I 15/2 ground state. The full width a
half maximum ~FWHM! of the main component of thes
transitions is around 3 nm, which corresponds to an ene
width of ;13 meV. A broad emission region is also prese
peaking in the blue-green around 500 nm. The yellow ba
PL typically observed at;540–550 nm in conventionally
grown GaN is absent. As shown in Fig. 1~inset! in the ul-
traviolet ~UV! region for the GaN:Er/Si sample band ed
~BE! emission is present at 370 nm, although not nearly
intense as the green emission.

Interestingly, Zanatta and Nunes10 have recently re-
ported green emission at room temperature from Er, in
case utilizing amorphous SiN insulating films as the h
material. Fora-SiErN, the emission wavelengths were co
siderably shifted~to values of 520 and 545 nm! from those
we observed in GaN:Er and the peaks were much broa
~with a FWHM of ;0.8 eV!. In addition, the intensity of the
2H11/2 transition was less than that of the4S3/2 transition in
a-SiErN, while in our material it was just the opposit
However, there were many inherent material differen
which could explain the differences in the spectra: crystall
versus amorphous structure, wide band-gap semicondu
versus insulator, Er concentration of 10 at. % ina-SiErN
versus 0.25 at. % for GaN. Furthermore, the excitat
source used fora-SiErN was an Ar laser at 488 nm, whil
we utilized a He–Cd laser at 325 nm for GaN:Er excitatio
We did not observe the Er transitions with excitation at 4
nm.9

The integrated intensity of the green emission is sho
as a function of growth temperature in Fig. 2. The so
upper line is the integrated signal in the vicinity of the2H11/2

emission, while the lower line contains the values cor
sponding to the signal in the vicinity of the4S3/2 transition.
The general trend of the integrated PL intensity is to incre
with increasing growth temperature up to a certain cutof
950 °C. It should be noted that, while the height-t
background intensity of the main emission peaks tends
decrease with increasing growth temperature, the overal
tegrated emission~including the secondary peaks from th

FIG. 2. Integrated intensity of the2H11/2 and 4S3/2 lines from the GaN:Er
film as a function of Si substrate growth temperature. The open symbol
for a GaN film with optimized buffer layer. Lines are drawn to aid the e
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Stark-split levels! has increased. A growth temperature
950 °C greatly reduced the GaN growth rate and no gr
emission could be detected. On one sample, we attempte
optimize the buffer layer temperature based on the perc
age of two-dimensional~2D! structure~or ‘‘streakiness’’! on
the growth surface as evident from reflection high-ene
electron diffraction~RHEED! patterns obtained for previou
growths. The result is shown as the open symbols in Fig
This simple preliminary test for optimization demonstrat
that the emission intensity can be further increased.

The structural properties of the GaN:Er films were inve

re
.

FIG. 3. Representative x-ray diffraction spectrum of Er-GaN film~No.
100R! on Si~111!. Inset indicates the FWHM of the GaN~0002! peak. Sub-
strate growth temperature was 800 °C with Er cell temperature of 1100

FIG. 4. SEM micrographs of GaN:Er films grown on Si at a growth te
perature of:~a! 750 °C;~b! 800 °C. The Er cell temperature was 1100 °C
both cases.

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



ay

i-
as

-

°C

fa
d
a
on
e-
ti
re
d
io

i
g

ng
te

ra

le
lts
nt
O/

e
age-
an

J.

i-
u,

U.
a,

y,

2145Appl. Phys. Lett., Vol. 73, No. 15, 12 October 1998 R. Birkhahn and A. J. Steckl
tigated by scanning electron microscopy~SEM! and x-ray
diffraction ~XRD!. Figure 3 shows a representative x-r
spectrum from a thin film~No. 100R! grown at 800 °C. Only
the Si~111! and thea-GaN~0002! peaks were present, ind
cating good crystallinity. The FWHM of the GaN peak w
0.135°, compared to 0.104° for the Si~111! peak. The XRD
data were collected up to 2u5120°, but contained no indi
cation of othera-GaN phases or anyb-GaN peaks.

SEM micrographs of GaN:Er samples grown at 750
~No. 101R! and 800 °C~No. 100R! are shown in Fig. 4. The
Er cell temperature was 1100 °C in both cases. The sur
of the GaN film grown at 750 °C is relatively smooth an
uniform. The surface of the film grown at 800 °C contains
unusual morphology. Parts of the planar surface contain l
spikes protruding;0.5–1mm with an associated surface d
pression. It is not clear whether these spikes are nuclea
‘‘rods’’ around which the GaN grows or whether they a
defects extending from the Si surface. These defects coul
a result of a nonoptimized nucleation layer. In cross sect
certain sections of the film appear stratified, especially
regions of high spike density. Other regions appear homo
neous and uniform. Interestingly, both films exhibit stro
green photoluminescence from the Er atoms incorpora
during growth.

In summary, we have reported optical and structu
characteristics of Er-doped GaN on Si~111! grown by solid
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source MBE. We have observed for the first time visib
emission from the GaN:Er films grown on Si. These resu
demonstrate the possibility of future integration with curre
Si device technology. This work was supported by a BMD
ARO contract ~L. Lome and J. Zavada! and an ARO
AASERT grant. The authors would like to acknowledg
many technical discussions and the support and encour
ment of J. Zavada. Equipment support was provided by
ARO URI grant and the Ohio Materials Network.
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