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Characteristic 1.54mm 4f -4 f emission has been observed from Er31 centers in Er-implanted and
annealed, low-temperature grown GaAs:Be samples, while cross-sectional transmission electron
microscopy~TEM! studies reveal very little structural damage for elevated temperature implants.
No Er emission was observed from any of the as-implanted samples, while the Er emission intensity
was significantly more intense after 650 °C anneals than after 750 °C anneals. Significant
enhancement of the optically active Er incorporation was achieved when the implantation was
carried out at 300 °C. For the two total Er fluences employed (5.531013 and 13.631013 Er/cm2) the
Er emission intensity exhibited a linear dependence upon implantation fluence, while TEM indicated
no significant increase in the damage level at the higher fluence 300 °C implant. ©1998 American
Institute of Physics.@S0003-6951~98!04641-5#

Rare earth~RE! doped III–V semiconductors have been
a subject of great interest in recent years because of their
potential to emit spectrally sharp, temperature stable, and
host independent luminescence. Such a light source would
have applications in semiconductor light-emitting diodes
~LEDs!, lasers, and as components for optical communica-
tion technology. In particular for Er, the internal 4f transi-
tion from the first excited state to the ground state (4I 13/2

→4I 15/2) results in a photon emission near 1.54mm. This is
an important wavelength because it corresponds to the mini-
mum absorption in standard silica-based optical fibers.1,2

Such characteristic Er emission has already been ob-
served for standard GaAs hosts doped with Er by different
procedures,1,3–5 and for other technologically important
semiconductors such as Si,2 AlGaAs,5 InP, and GaP.1 The
nature of the Er radiative center in GaAs is not yet clear3–6

and it is likely that the dominant Er site is growth dependent
and can differ for molecular beam epitaxy~MBE! and metal
organic chemical vapor deposition~MOCVD! materials. In
the same way, Er doping by ion implantation or directly
during growth may result in different sites for kinetic rea-
sons. The purpose of this study is to implant Er into low
temperature grown GaAs~LT-GaAs!7 to verify the possibil-
ity of a sharp and temperature stable light emission from a
short carrier lifetime material. Be doped LT-GaAs has some
further advantages over the undoped material. Be doping
strongly suppresses As precipitation after annealing.8 Also,
samples grown at temperatures as high as 300 °C show the
same short photocarrier lifetime that is only obtained for

undoped LT-GaAs grown at;200 °C.8 In this work we
show, for the first time, that the characteristic Er photolumi-
nescence~PL! is obtained when Er atoms are incorporated
into LT-GaAs:Be by ion implantation. We also show that it
is possible to strongly minimize implantation damage and
increase considerably the Er emission by keeping the sample
at 300 °C during the implantation procedure.

A Be doped LT-GaAs layer (@Be#5731019 cm23) 1.5
mm thick was grown by MBE on a~001! GaAs substrate at
300 °C with a fixed As/Ga beam equivalent pressure ratio of
20. Wafers were Er implanted at room temperature~RT! and
at 300 °C at an energy of 450 keV to a fluence of 5.5
31013 Er/cm2. The Er peak concentration is calculated as
6.531018 Er/cm3, almost 10 times higher than the Er solu-
bility observed for GaAs.9 A plateau Er implant with a
broader depth distribution was also performed, but only at
300 °C implantation temperature. For this special case, three
consecutive Er implants were performed at energies of 480,
155, and 40 keV to fluences of 9.431013, 3.131013, and
1.131013 Er/cm2, respectively, i.e., to a total fluence of
13.631013 Er/cm3. These implantation parameters were pro-
jected to result in an almost flat Er concentration of 1
31019 Er/cm3 from 10 to 145 nm, based on each individual
profile as calculated by theTRIM10 program. Rapid thermal
annealings~RTA! for 30 s at 650 °C and at 750 °C were also
performed.

The structural quality of the layers was investigated us-
ing a Topcon 002B transmission electron microscope. Cross-
sectional specimens were prepared by mechanical polishing
and dimpling, followed by ion milling on a liquid nitrogen-
cooled stage. PL measurements were performed at 10 K us-
ing 514 nm excitation from an argon ion laser. The emitted
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radiation was collected and analyzed with a 0.22 m double
grating spectrometer, and the PL signal was detected by a
liquid nitrogen-cooled germanium detector using standard
synchronous detection techniques.

Figure 1 shows TEM micrographs from the single im-
plant at RT@Figs. 1~a!, 1~b!, and 1~c!# and the plateau im-
plantation at 300 °C@Figs. 1~d!, 1~e!, and 1~f!#. We do not
show the TEM results of the single implant at 300 °C since
they are quite similar to the ones corresponding to the pla-
teau implantation at 300 °C. All of these are cross-sectional
images in bright field~BF! taken with g502̄2. The ~001!
sample surface is shown at the top of each figure. As can be
seen in Fig. 1, the single implant at RT@Fig. 1~a!# produces
the strongest damage, but the sample is still crystalline due to
the low implantation fluence. Figure 1~d! is an image taken
from plateau implanted sample at 300 °C. The implantation
at high temperature results in a strong improvement in the
sample’s crystalline quality as almost no defects are visible
by TEM.

Figures 1~b! and 1~e! are micrographs from 650 °C an-
nealed samples. Figure 1~b! shows dislocation loops~mean
diameter2r;15 nm) extending almost from the surface to
the depth of approximately 160 nm. The plateau implanted
sample at 300 °C@Fig. 1~e!# shows much smaller (2r
;1.5 nm) dislocation loops than for the RT case. The dislo-
cation loop density (n1) is about the same: (662)
31026 loops/nm3, for RT, and (562)31026 loops/nm3,
for 300 °C implantations.

Figures 1~c! and 1~f! are micrographs from 750 °C an-
nealed samples. They show a decrease in the density of dis-
location loops:n15(261)31026 loops/nm3 for both cases.
The RT implanted sample is now almost free of dislocations
in the near surface area down to around 60 nm. From 60 nm
to about 110 nm some large loops,2r;25 nm, are observed
~end of range defects!. For the plateau implantation at 300 °C
@Fig. 1~f!#, the loops observed at the end of range area
~around 130 nm! are much smaller,2r;3.5 nm. Table I
shows estimates, from TEM micrographs, for the quantity
2rpn1 , which represents the total length of dislocation lines
per unit volume. This factor estimates the crystalline quality
~from the point of view of extended defects! for each sample,
demonstrating that a large fraction of the ion damage has
continuously recovered during implantation at 300 °C.

Annealing of LT-GaAs:Be layers at 650 °C did not lead
to the formation of As precipitates. However, such precipi-
tates were observed below the implanted area after annealing
at 750 °C. Within the implanted area, after 750 °C annealing,
a different type of precipitate was observed. From contrast
analysis under dark field image conditions taken withg
5200, they appear to be ErAs precipitates.9,6 They show an
intense bright contrast under this image condition and are
completely coherent with the matrix. The details of these
studies will be described elsewhere.11

Figure 2 shows PL spectra comparing results from the
single implant performed at RT~full lines! to the single im-
plant performed at 300 °C~points!. The measurements were
performed on as-implanted, annealed at 650 and at 750 °C
samples. As can be seen in Fig. 2, the emission in that spec-
tral range is dominated by a very broad background signal,
which increases monotonically with the annealing tempera-
ture and is also stronger for 300 °C implantation than for RT
implantation. Thus the PL background is increasing with im-
proving crystalline quality. However, the factors of 2–3 in-
crease in the background PL between 650 and 750 °C anneal
temperatures~Fig. 2! do not appear to correlate well with
decreases in the dislocation line density2rpn1 , which only
exhibits a small to modest reduction~5%–45%, Table I! over
this temperature range. It is clear that the increase in the
background PL must involve a decrease in the concentration
of localized defects as well as the extended defects. A com-
parison of the background PL spectrum with that of typical

FIG. 1. Cross-sectional TEM micrographs~BF 02̄2! for single Gaussian
implant at room temperature~RT! and plateau implantation at 300 °C. The
~001! surface is the top edge of each figure. Pictures~a!, ~b!, and~c! corre-
spond to the single implant performed at RT,~d!, ~e!, and~f! correspond to
the implantation performed at 300 °C. The first picture@~a! or ~d!# is the
observation from the as-implanted sample, the second one@~b! or ~e!# is
after the 650 °C anneal, and the last one@~c! or ~f!# is after the 750 °C
anneal.

TABLE I. Estimates for the total extension of dislocation lines per unit
volume of the sample.

RTA Gaussian RT
2rpn1 (cm22)

Gaussian 300 °C Plateau 300 °C

650 °C 2.831010 1.53109 2.33109

750 °C 1.631010 0.93109 2.23109
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semi-insulating GaAs samples12 suggests that this PL is most
probably due to the broad 0.8 eV band, which has been as-
sociated with microdefect formation12 better than the
0.65 eV AsGa ~EL2! emissions bands. The background PL
observed in this study exhibits a long, high energy tail that
extends essentially up to the band gap.

However, the most interesting feature in Fig. 2 is the
1.54mm Er emission. This is found to be considerably stron-
ger for implantation performed at 300 °C. It is also found
significantly more intense for annealing at 650 °C than at
750 °C, which is a similar temperature behavior to that ob-
served for standard GaAs samples,1 where the optimum case
was near 650 °C. No Er emission is observed from the as-
implanted samples or from the RT implanted sample an-
nealed at 750 °C. While the Er31 emission spectrum usually
consists of a series of sharp lines, it has been observed that in
standard GaAs~as well as other semiconductors! the Er
emission from certain sites tends to be significantly
broadened,3 appearing very similar to the Er spectra in Fig.
2. Apparently this site occurs in several slightly differing
environments, thus leading to a smearing of the crystal field-
split emission lines. The insert in Fig. 2 shows the PL spectra
~after background subtraction! obtained from plateau im-
planted samples~full lines!. These spectra also exhibit the
strongest Er signal after 650 °C annealing. However, the in-
tensity is higher for the plateau implanted samples because
of the higher total Er fluence. For comparison purposes, the
PL spectrum~with background subtraction! from single im-
plant at 300 °C and annealed at 650 °C is included~points! in
the insert. A single/plateau Er emission ratio of 0.41 can be
observed which agrees fairly well with the expected ratio of

0.4 between the implantation fluences employed for each
case.

The observed intensity of the characteristic Er emission
obtained after 650 °C annealing indicates that a significant
concentration of optically active Er sites was achieved. The
optically active center has been suggested to be the Er tetra-
hedral interstitial site.3,5 The strong decrease in the 1.54mm
Er emission observed after 750 °C annealing, while the back-
ground PL is continuing to increase, indicates that the opti-
cally active Er sites have become thermally unstable. We
also begin to observe some ErAs precipitation11 at this an-
nealing temperature. These two observations suggest the
possibility that instead of having a high concentration of iso-
lated Er interstitials in the GaAs matrix, we now have a high
concentration of Er–As complexes. These complexes could
be the initial step before the beginning of ErAs precipitation.
The following two facts also support this picture: Er tetrahe-
dral interstitial sites are a natural precursor for ErAs
precipitation,6 and the Er was incorporated into the matrix as
a supersaturated solution.9

In summary, in the present work we have shown for the
first time that it is possible to observe the 1.54mm Er emis-
sion in LT-GaAs:Be samples. The emitting Er centers appear
to be thermally activated with the 650 °C annealing tempera-
ture being far more efficient, for their activation, than 750 °C
annealing. Implantation at 300 °C shows very few extended
defects and also results in a considerably higher PL intensity
~for the Er and background PL! than for Er implants carried
out at room temperature. The PL intensity was also found to
scale with the implantation fluence, suggesting that the Er PL
intensity might be increased further by performing Er im-
plants at higher fluences.
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