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Characteristic 1.54mm Er31 emission has been observed from Er-implanted and annealed,
low-temperature grown GaAs Be doped and undoped samples. Er plateau implantations~480, 155,
and 40 keV successive implants! were performed at 300 °C covering calculated Er concentrations
from 1018 up to 1020 Er/cm3. Cross-sectional transmission electron microscopy studies reveal very
little structural damage for these elevated temperature implants up to an Er total fluence of 1.36
31014 Er/cm2. No Er emission was observed from any of the as-implanted samples but it was
observed after postimplantation annealings at 650 and 750 °C temperatures. The Er emission was
significantly more intense after 650 °C anneals, for Be doped samples, and after 750 °C anneals for
undoped samples. It appears on top of a broad background luminescence associated with midgap
states. The Er emission intensity was found to scale linearly with the total Er implantation fluence
up to Er concentration of;1019 Er/cm3. Er precipitation was observed after 750 °C annealing for
1019 Er/cm3 samples, but could be observed for 1020 Er/cm3 Er-doped samples even after a 650 °C
anneal. These precipitates are most likely ErAs. ©1999 American Institute of Physics.
@S0021-8979~99!07402-2#
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I. INTRODUCTION

Rare earth~RE! elements have an incomplete 4f elec-
tronic shell that is screened from the outer crystalline en
ronment by closed 5s2 and 5p6 orbitals. As a result, the
transitions from a 4f excited state to the ground state reta
essentially their atomic character, which means that
doped materials characteristically exhibit sharp, tempera
stable, and host independent luminescence spectra. Fo
reason, RE doped III–V semiconductors have potential
plication in semiconductor light-emitting diodes~LEDs!, la-
sers, and as components for optical communication tech
ogy. In particular for the RE element Er, the intern
transition from the first excited state to the ground st
(4I 13/2→4I 15/2) results in emission near 1.54mm. This is an
important wavelength because it corresponds to the m
mum absorption in standard silica-based optical fibers.1,2

Such characteristic Er emission has already been
served for standard GaAs hosts doped with Er by differ
procedures, namely, liquid phase epitaxy~LPE!,3 molecular
beam epitaxy~MBE!,4,5 metalorganic chemical vapor depo
sition ~MOCVD!,6–8 and ion implantation.2,9,10 In a previous
work,11 where we reported our first results, we have o

a!Postdoctoral fellowship by CAPES-Brası´lia/Brasil.
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served this Er emission for low temperature grown Ga
doped with Be~LT-GaAs:Be!.

LT-GaAs12 is a nonstoichiometric GaAs layer grown b
MBE at much lower temperature~usually between 200 and
300 °C! than the standard 500–600 °C. Such layers have
arsenic excess around 1 at. %, which results in a high c
centration of~As!Ga antisites as well as Ga vacancies. Th
high concentration of point defects leads to special cha
teristics for applications in high performance optoelectro
devices:12,13 ~i! high resistivity and breakdown strength;~ii !
extremely short photoexcited carrier lifetime on the order
a few hundreds of femtoseconds.12 However, because of this
high concentration of point defects, Er photoluminescen
~PL! was not necessarily expected in this material beca
these centers provide a very fast and efficient trapping ch
nel to compete with the Er for the photoexcited carriers.

In addition, the doping with Be of LT-GaAs strongl
suppresses As precipitation~as well as As out diffusion!
upon annealing.13 Be doped layers grown at;300 °C show
the same short photocarrier lifetime that is only obtained
undoped LT-GaAs grown at;200 °C.13 Thus, Be doping
allows implantation up to 300 °C as well as postimplantat
annealing with less risk of degrading the optical respons

One important point restricting the concentration of o
tically active Er sites is the Er solubility in the host materia
It is generally accepted that Er atoms in precipitates wo
5 © 1999 American Institute of Physics
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TABLE I. Implantation conditions employed to obtain the named samples 1018, 1019, and 1020 Er/cm3. These
implantation parameters were projected to result in an almost homogeneous Er concentration of 1018, 1019, and
1020 Er/cm3, respectively, from 10 to 145 nm~plateau-like Er distributions!.

Sample
denomination

Implantation
temperatures

~°C!

Implantation
energies
~keV!

Implantation
fluences
~Er/cm2!

Total implantation
fluences
~Er/cm2!

GaAs types
implanted

Plateau 480 9.431012

1018 Er/cm3 300 155 3.131012 1.3631013 LT-GaAs:Be
40 1.131012

Plateau 480 9.431013 LT-GaAs:Be
1019 Er/cm3 300 155 3.131013 1.3631014 LT-GaAs

40 1.131013 GaAs
Plateau 480 9.431014

1020 Er/cm3 300 155 3.131014 1.3631015 LT-GaAs:Be
40 1.131014
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not be optically active. The solubility of Er in LT-GaA
should therefore be taken into account to estimate the o
mum Er doping concentration. Er solubility in standa
GaAs was determined to be approximately 731017 Er/cm3

by Pooleet al.14 They analyzed the incorporation of Er int
GaAs layers during MBE growth by transmission electr
microscopy~TEM!. At higher concentrations, ErAs precip
tates were formed. These precipitates had the rock salt s
ture and were completely coherent with the GaAs host.14,15

In our first work11 we studied single and plateau-like E
implantations into LT-GaAs:Be~Er concentration was
around 1019 Er/cm3! performed at room temperature~RT!
and at 300 °C temperature. It was verified that all samp
implanted at 300 °C had an excellent crystalline quality
well as a considerably higher PL intensity than implants
RT.11 We also showed that a postimplantation annealing w
required to activate the Er emission, with the 650 °C anne
significantly more efficient than 750 °C anneals f
LT-GaAs:Be.11 This Er emission was found to occur on th
top of a broad background luminescence. We also did
observe a clear Er precipitation even though the calcula
Er concentration, in the samples, was typically one orde
magnitude higher than the Er solubility limit determined
Pooleet al.14 In the present work we have studied the Er P
emission as a function of Er implanted concentration~and Er
precipitation! as well as the evolution of the implantatio
damage with increasing Er fluence. In addition, we also h
studied the Er PL behavior for undoped LT-GaAs. For t
case, as will be shown, the characteristic Er emission sh
a completely different dependence on the thermal treatm
performed on the samples.

II. EXPERIMENTAL PROCEDURES

Undoped as well as Be doped (@Be#5731019 cm23)
LT-GaAs layers 1.5mm thick were grown by molecula
beam epitaxy on~001! GaAs substrates with a fixed As/G
beam equivalent pressure ratio of 20. The GaAs subst
temperature during growth was 200 and 300 °C for the
doped LT-GaAs and Be doped LT-GaAs~LT-GaAs:Be!, re-
spectively. Plateau Er depth distributions were obtained
s indicated in the article. Reuse of AIP content is sub
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performing three consecutive Er implants at energies of 4
155, and 40 keV, always keeping the sample at 300 °C t
perature.

LT-GaAs:Be samples were implanted to different fl
ences in order to obtain three Er concentration levels al
the plateau:~a! sample 1018 Er/cm3 ~the partial fluences for
each of those energies were, respectively, of 9.431012, 3.1
31012, and 1.131012 Er/cm2!, ~b! sample 1019 Er/cm3 ~the
partial fluences were, respectively, 9.431013, 3.131013, and
1.131013 Er/cm2!; and ~c! sample 1020 Er/cm3 ~the partial
fluences were, respectively, 9.431014, 3.131014, and 1.1
31014 Er/cm2!. These implantation parameters were pr
jected to result in an almost constant Er concentration of 118

~case a!, 1019 ~case b!, and 1020 Er/cm3 ~case c! from 10 to
145 nm, based on each individual profile as calculated by
TRIM16 program. The named samples 1018, 1019, and
1020 Er/cm3 were obtained by usingtotal implantation flu-
ences of 1.3631013, 1.3631014, and 1.3631015 Er/cm2, re-
spectively. A summary of the implantation conditions
given in Table I.

The implantation carried out for the undoped LT-GaA
layers corresponds to case~b! above, i.e.,;1019 Er/cm3

along the plateau. Also standard~and undoped! GaAs layers
were Er implanted following the same case~b! condition to
allow a direct comparison among the different GaAs type

Rapid thermal annealings~RTA! for 30 s at 650 and
750 °C were performed on different pieces cleaved fr
each implanted sample. The structural quality of the lay
was investigated using a Topcon 002B transmission elec
microscope with 200 keV of acceleration voltage. Cro
sectional specimens were prepared by mechanical polis
and dimpling, followed by ion milling using a liquid

nitrogen-cooled stage. Beam conditions 200, 400, and 02̄
for bright and dark field image modes were employed
obtain the micrographs.

PL measurements were performed at 10 K using 514
excitation from an argon ion laser. The emitted radiation w
collected and analyzed with a 0.22 m double grating sp
trometer, and the PL signal was detected by a liq
nitrogen-cooled germanium detector using standard sync
nous detection techniques. A relatively wide spectral ba
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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pass of 3.4 nm was used for all of spectra, so that the we
est spectrum could still be observed and compared direct
the strongest. Some features, particularly for GaAs:Er
nealed at 650 °C, exhibit a much smaller linewidth. T
resolution of these features is not an important part of
present work.

The implantations were performed using the 500 kV i
implanter at the Instituto de Fı´sica, Porto Alegre. Annealing
and transmission electron microscopy were performed
Lawrence Berkeley National Laboratory. The photolumin
cence measurements were performed at the Naval Rese
Laboratory.

III. TEM MEASUREMENTS: RESULTS AND
DISCUSSIONS

A. Concentration study

This study was made exclusively on LT-GaAs:B
samples. Figure 1 shows TEM micrographs from samp
1019 and 1020 Er/cm3 before and after annealing. In this fig
ure, pictures~a!, ~b!, and ~c! correspond to the 1019 Er/cm3

samples and~d!, ~e!, and~f! to the 1020 Er/cm3 samples, i.e.,
same implants are on the same column. The first picture@~a!
or ~d!# is the observation from the as-implanted sample,
second picture@~b! or ~e!# is after the 650 °C anneal and th
last picture@~c! or ~f!# is after the 750 °C anneal, i.e., sam
postimplantation histories are on the same row.

All the images in Fig. 1 are cross-sectional TEM micr
graphs in bright field~BF! taken with g502̄2. The ~001!
surface is the sample edge located at the top of each fig
The BF 02̄2 image condition provides good contrast f
damage observations. The main defects are dislocation lo
Due to the implantation at high temperature~300 °C! and the
low total implantation fluence used, the 1018 Er/cm3 sample
does not show any visible damage, for either the
implanted sample or after annealing. For this reason, T
micrographs for this concentration are not present in Fig
However, defects begin to be visible for 1019 Er/cm3

samples.
Even for the higher Er concentrations 1019 and

1020 Er/cm3, no visible defects could be observed for t
as-implanted samples. The samples show very good cry
line quality from the point of view of extended defects@Figs.
1~a! and 1~d!#. These results suggest that even when the
plantation fluence is increased by two orders of magnit
the great majority of the ion damage is being recovered d
ing the implantation at 300 °C. This is in contrast to roo
temperature implants, where a significant amount of dam
was observed in as-implanted material.11

Figures 1~b! and 1~e! are micrographs from samples a
nealed at 650 °C. The sample 1019 Er/cm3 @Fig. 1~b!# still
does not show evidence of significant damage while a str
damaged area can be noticed for the sample 1020 Er/cm3

@Fig. 1~e!#. This damage is characterized by their dislocat
loop densities (v1) averaged from surface down to;220
nm: 531026 loops/nm3, for sample 1019 Er/cm3, and about
331025 loops/nm3, for sample 1020 Er/cm3 @Fig. 1~e!#. The
dislocation loop mean diameters (2r ) are;1.5 nm and;3.0
nm for those samples, respectively. However, even for
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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sample 1020 Er/cm3, the near surface area~down to 75 nm!
still keeps good crystalline quality. For this case, the h
concentration of dislocation loops is restricted to the area
75 to ;240 nm from the sample surface. This is the end

FIG. 1. Cross-sectional TEM micrographs~BF 02̄2! for plateau implanted
samples at 300 °C. The~001! surface is at the top edge of each figur
Pictures~a!, ~b!, and~c! correspond to the 1019 Er/cm3 while ~d!, ~e!, and~f!
correspond to the 1020 Er/cm3 sample, i.e., the same implants are on t
same column. For all of those cases the first picture~a! or ~d! is the obser-
vation 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, i.e., sam
postimplantation histories on the same row.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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range area sinceTRIM calculations indicate that the ha
height on the end of the Er plateau should be located aro
145 nm. The near surface area~down to 75 nm! still keeps
good crystalline quality.

Figures 1~c! and 1~f! are micrographs from samples a
nealed at 750 °C. It appears that small loops are anneale
for the sample 1019 Er/cm3 @Fig. 1~c!, v15231026

loops/nm3#, but still some small loops (2r;3.5 nm) appear
around 120 nm~end of range area!. However, there is no
drastic change for the sample 1020 Er/cm3, it keeps essen
tially the same depth damage distribution with just a lit
lower loop density (v15231025 loops/nm3) than observed
after the 650 °C anneal. The main difference is that the
location loops now seem to have a more homogeneous
larger size (2r;5 nm). Also the transition between the clea
area~near surface! and the end of range area is a little deep
than before~about 90 nm depth!.

Table II shows estimates, from TEM micrographs, f
the quantity2rpv1 , which represents the total length of di
location lines per unit volume. This factor estimates the cr
talline quality of the implanted area from the point of view
extended defects~averaged from surface down to;220 nm!.
The values for sample 1020 Er/cm3 ~implanted at 300 °C! are
in the same range as observed for room temperature~RT!
implants.11 However, the total implantation fluence for th
300 °C implanted sample is about 25 times higher than
employed for the RT implant.11

B. Material type study

This study was made on 1019 Er/cm3 Er implanted
samples. The evolution of the structural damage for L
GaAs:Be was reported in the previous section with analy
of Figs. 1~a!–1~c!. Also it is clear, from those figures, tha
arsenic precipitation in those samples was strongly s
pressed due to the Be doping. The high temperature imp
tation did not interfere with this suppression. Some ve
small As precipitates for Be doped samples are seen m
clearly after annealing at 750 °C. Double black lobes~char-
acteristic of small As precipitates! can be seen beyond th
implanted area.

This strong suppression of As precipitation obtained
Be doping is more clearly evident when we compare
image from a Be doped sample to an undoped LT-Ga
sample, as shown in Fig. 2. In this figure, cross-sectio
TEM images from a Be doped LT-GaAs sample@Fig. 2~a!#
and from a standard GaAs sample@Fig. 2~b!# are compared
to that from the undoped LT-GaAs sample@Fig. 2~c!#. All of
them are 1019 Er/cm3 implanted samples annealed at 650 °
Two strong differences can be seen for the undoped

TABLE II. Estimates for the total extension of dislocation lines per u
volume of the sample.

RTA
1019 Er/cm3,
LT-GaAs:Be

2rpn1 (cm22)
1019 Er/cm3,

standard GaAs
1020 Er/cm3,
LT-GaAs:Be

650 °C 2.33109 2.83109 2.831010

750 °C 2.23109 2.93109 3.131010
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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GaAs@Fig. 2~c!#: there is a very intense As precipitation an
a complete absence of ion implantation damage. The ave
diameter of the As precipitates is about 5 nm after the 650
annealing @Fig. 2~c!#. The undoped sample annealed
750 °C shows larger As precipitates~;9 nm in diameter!
and again no implantation damage was observed. Only
undoped as-implanted sample shows a faint indication
damage, very similar to that observed in Figs. 1~a! and 1~d!.
The complete absence of extended defects is a surpri
characteristic that may be correlated to the strong As prec
tation observed for undoped samples. Standard GaAs
was analyzed and shows damage levels very similar to th
observed for the Be doped case~see Table II for estimates!.

C. ErAs precipitation

Within the implanted area, after annealing, a differe
type of precipitate was observed from contrast analysis un

FIG. 2. Cross-sectional TEM micrographs~BF 02̄2! for 1019 Er/cm3 plateau
implantation at 300 °C after annealing at 650 °C. Picture~a! corresponds to
the LT-GaAs sample doped with Be, picture~b! to the standard GaAs
sample, and picture~c! to the undoped LT-GaAs sample. The~001! surface
is at the left edge of each figure.
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dark field image conditions taken withg5200. Figure 3~d! is
an example of this special precipitation. The images in Fig
are cross-sectional TEM micrographs in DF 200. The~001!
surface is at the left edge of each figure. Figures 3~a!–3~c!
correspond to the Be doped samples 1018, 1019, and
1020 Er/cm3, respectively, after annealing at 750 °C for 30
Figure 3~d! corresponds to a special annealing at 800 °C
a half hour performed on the 1020 Er/cm3 Be doped sample
The purpose of this annealing was to obtain a more c
precipitation.

As mentioned before, these sharper and bright prec
tates can be seen just within the implanted area and t
number increases with increasing Er concentration. For
sample 1018 Er/cm3 there is no such precipitation@see Fig.

FIG. 3. Cross-sectional TEM micrographs for DF 200 condition where
~001! surface is at the edge on the left of each figure.~a!–~c! Correspond to
the 1018, 1019, and 1020 Er/cm3 plateau implanted samples, respectively. A
of them are after RTA annealing at 750 °C for 30 s.~d! Corresponds to a
special annealing at 800 °C for a half hour performed on 1020 Er/cm3 pla-
teau implanted sample.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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3~a!#. This can be understood taking into account that the
solubility is around 731017 Er/cm3 in standard GaAs, re-
ported by Pooleet al.14 The 1019 Er/cm3 plateau implanted
samples show these precipitates, but only after annealin
750 °C and particularly at dislocation cores@Fig. 3~b!#. The
highest concentration analyzed was 1020 Er/cm3 @Fig. 3~c!#.
It shows a high concentration of bright dots from the surfa
down to around 150 nm that agrees fairly well with the e
of the Er depth profile as calculated by theTRIM program.16

Also seen from Fig. 3~c! is a decrease in their number in th
area where dislocation loops are present, with a simultane
increase in their sizes. This could be expected since the
concentration must be approximately the same down
around 145 nm. In the near surface area~down to 90 nm!
these bright precipitates show an average size around 1
in diameter but it increases to around 1.5 nm between 90
150 nm. The same argument can explain why we see la
precipitates in the sample 1019 Er/cm3. Fewer active Er
nucleation centers can be expected due to the lower Er
centration. These centers are mainly the dislocation co
that also are present at lower density compared to the sam
1020 Er/cm3.

Longer annealing at higher temperature, done on
sample with the highest Er concentration (1020 Er/cm3),
makes this Er precipitation clear@see Fig. 3~d!#. Particularly
in this figure, larger precipitates~;4 nm in diameter! can be
seen in the end of range area. It is also likely that so
longer range Er diffusion has occurred for this case, si
precipitates can now be seen deeper into the sample. Ano
interesting point is the different contrast observed on DF 2
micrographs for precipitates very deep in the sample wh
no Er could be found. These are clearly As precipitates
show very faint dark contrast~and not bright! for this image
condition.

Er precipitation is not observed for any of the a
implanted samples. After the annealing at 650 °C, just
1020 Er/cm3 sample shows this bright dot contrast but le
intense than observed after 750 °C annealing@Fig. 3~c!#. The
other GaAs types also do not show any indication of t
precipitation in the as-implanted samples. The LT undop
GaAs (1019 Er/cm3 sample! does not show this kind of con
trast for any annealed sample either. This is consistent w
the fact that we did not observe dislocation loops for the
undoped samples, as were observed for Be doped sam
The analyses done on the standard GaAs (1019 Er/cm3

sample! show a few bright dots~less than the ones observe
in the Be doped case! after annealing at 750 °C. We hav
also analyzed unimplanted samples submitted to the s
annealing conditions and they have not shown any evide
of this kind of contrast under DF 200.

All these observations, concerning sharp bright contr
for DF 200 for some precipitates exclusively in the im
planted area, suggest that ErAs precipitation is occurring
these cases. These precipitates would have the rock
structure and could be completely coherent with the Ga
host. In this case, ErAs precipitates,a055.732 Å, would be
slightly compressed in order to be accommodated into
GaAs or LT-GaAs matrices,a055.653– 5.659 Å. This pos-
sibility of formation of ErAs precipitates has also been r

e
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ported for standard GaAs14 and subsequently confirmed b
channeling measurements.15 These precipitates appear
bright spots under DF 200 due to their structure factor wh
is much greater than that of the surrounding GaAs latt
High resolution images of these precipitates indeed con
that they are completely coherent with the matrix. Beca
they have almost the same lattice parameter as the G
lattice and are completely coherent, extra spots could no
observed on the diffraction pattern.

In our case, the ion implantation procedure incorpora
Er into LT-GaAs as a supersaturated solid solution: none
the as-implanted samples show ErAs formation; it can
observed only after annealing at 750 °C for samples with
Er concentration;1019 Er/cm3; for this kind of precipitation
to be observed after annealing at 650 °C, an Er concentra
around 1020 Er/cm3 ~2 orders of the magnitude higher tha
the estimated limit of solubility! is required. The supersatu
rated condition persists after annealing probably because
diffusion in the LT-GaAs host is not fast enough during RT
annealings, or the temperatures were not high enough
precipitate nucleation. This is in agreement with the obs
vation that precipitation begins to occur first at dislocati
cores for the 1019 Er/cm3 sample@Fig. 3~b!# and that longer
annealings and higher temperatures can increase the
precipitation, as observed in Fig. 3~d!.

IV. PHOTOLUMINESCENCE MEASUREMENTS:
RESULTS AND DISCUSSIONS

Figure 4 shows PL spectra comparing results from L
GaAs:Be plateau implanted samples with different Er c
centrations, namely, 1018 @Fig. 4~a!#, 1019 @Fig. 4~b!#, and
1020 Er/cm3 @Fig. 4~c!#. The measurements were perform
on as-implanted, annealed at 650 and 750 °C samples, re
ing in three spectra for each concentration. As can be s
from this figure, the emission in that spectral range is do
nated by a broad background signal~except for the
1020 Er/cm3 sample annealed at 650 °C!. This background,
shown in the insert in Fig. 4~c! for the 1019 Er/cm3 sample
annealed at 650 °C, results from a very broad emission
appears to peak near 1500 nm, due to the long wavele
cutoff of the Ge detector. The broad background PL is
served to increase monotonically with increasing anneal t
perature, with elevated implantation temperature,11 and with
decreasing damage as seen by TEM. These observations
gest that the observed intensity increase is associated
the improvement in crystal quality due to reduction of r
sidual implantation damage. This broad emission is obser
for all of the samples studied here, including the stand
GaAs material. Low temperature photoluminescence m
surements of this band were carried out using a liquid ni
gen cooled PbS detector~1–3.6 mm response! in order to
measure the complete spectrum for this feature. The b
ground PL of the plateau-implanted samples shown in Fig
was found to be due to a very broad emission~;1.1–2.5
mm! resulting from the superposition of two emission ban
one centered at;0.65 eV and the other centered at;0.8 eV.
The latter emission band is primarily responsible for t
broad background upon which the Er PL is observed@inset,
Fig. 4~c!# as well as for the long high energy tail reachin
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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almost to the band gap. These bands are both comm
observed from liquid encapsulated Czochralski~LEC!-grown
bulk GaAs, the 0.65 eV band originating from transitio
between the EL2 antisite-related defect and both b
edges,17 while the 0.8 eV band is associated with the pre
ence of microdefects~precipitates, vacancy complexes, di
location loops!.18

A distinct feature in Fig. 4 is the 1.54mm Er emission.
As reported in previous work,11 the as-implanted samples d
not show any sign of this Er emission in any case. It
unlikely under these conditions that much of the Er was

FIG. 4. PL spectra comparing plateau implanted samples at 300 °C, nam
1018 ~a!, 1019 ~b!, and 1020 Er/cm3 ~c!. Spectra are shown for the as
implanted, annealed at 650 and 750 °C samples, resulting in three sp
for each implantation condition. Insert in~c!: Er emission, from 1019 Er/cm3

sample annealed at 650 °C, on top of the broad background PL shown
an extended wavelength range.
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optically active sites, and the carrier lifetimes were presu
ably also very short, due to the large amount of dam
induced by the implantation of heavy ions. It is presently n
possible to determine which of these two effects is domina
It is also noteworthy that in the spectrum shown in the ins
in Fig. 4~c!, there is no evidence of any band edge emiss
This suggests that the carrier lifetime in the Er-implanted a
annealed material is still relatively short.

The optimum annealing temperature seems to be aro
650 °C~the Er emission strongly decreases after annealin
750 °C!, showing a temperature behavior similar to that o
served for standard GaAs:Er samples.1 This behavior
strongly suggests that the optically active Er site is be
thermally destabilized into a ‘‘dark site.’’ This is similar t
the activation and destabilization of Er31 sites with anneal
temperature observed in Er-implanted GaAs.9 In previous
work11 we showed that in annealed samples the Er PL int
sity varies linearly with implantation fluence, up to an
concentration of about 1019 Er/cm3. This is also reflected by
the data in Fig. 4, as the 1018 and 1019 Er/cm3 plateau im-
plants exhibit a similar linear increase of the Er emiss
intensity with Er implantation fluence. However, betwe
1019 and 1020 Er/cm3 the emission intensity is seen in Fig.
to rise only a factor of 2.4, indicating a transition to subline
behavior that would suggest a saturation at higher concen
tions. At higher concentrations a smaller fraction of the to
amount of the implanted Er would be expected to find op
cally active sites. This can result from the formation of
complexes or ErAs precipitates.

Figure 5 shows PL spectra comparing results from al
the three GaAs material types studied, i.e., Be doped@Fig.
5~a!# and undoped LT-GaAs@Fig. 5~b!# as well as the stan
dard GaAs@Fig. 5~c!# used as reference. The figure also e
hibits the evolution of the PL spectra as a function of ann
temperature. Postimplantation annealing was found ne
sary to optically activate the implanted Er in all three typ
of GaAs materials. After the 650 °C anneal, the stand
GaAs shows a highly structured spectrum that represen
different Er site than that observed in LT-GaAs. The sta
dard GaAs also shows a more intense Er emission, since
material has a much lower concentration of point defe
which can act as trapping centers for the photocarriers
thus compete with the Er radiative centers. Upon annea
at higher temperature~750 °C! the Er emission in standar
GaAs changes line shape to one that is similar to tha
LT-GaAs, characterized by a single broad PL peak t
would suggest an element of randomness in the environm
of the Er site. Variation in the Er environment would caus
smearing of the crystal field splittings of individual Er31 lev-
els, leading to such a broadened line shape. The site as
ated with this Er emission peak is the only one that is
served~by its spectral signature! in Er-implanted LT-GaAs
prepared over a wide range of implantation, annealing,
doping conditions. Presumably, it is the only site that c
trap carriers fast enough to compete with the trapping
other defects sites inherent to the low-temperature gro
material.

It is significant that the dependence of the Er emiss
intensity on anneal temperature for Be-doped LT-GaAs@Fig.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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5~a!# is distinctly different than that for undoped LT-GaA
samples@Fig. 5~b!#. For the latter material, the Er emissio
from the 750 °C annealed sample was observed to be@Fig.
5~b!# almost twice the intensity of the 650 °C anneal
sample, i.e., the optimum anneal temperature is near
greater than 750 °C, and not the same as for the others
terials. Since the Er PL intensity peaks near 650 °C for b
Be-doped LT-GaAs@Fig. 5~a!# and standard GaAs@Fig.
5~c!#, the distinct dependence with anneal temperature in
undoped LT-GaAs cannot be directly related to the lack
Be doping. We believe that this behavior derives from t
fact that the short carrier lifetimes of Be-doped LT-GaAs a
more stable during annealing than those of undop
LT-GaAs.13 Thus, the longer carrier lifetimes of the undope

FIG. 5. PL spectra from 1019 Er/cm3 samples comparing different materia
types: LT-GaAs:Be~a!, undoped LT-GaAs~b!, and standard GaAs~c!.
Spectra are shown for the as-implanted, 650 and 750 °C annealed sam
resulting in three spectra for each material type.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

21 Mar 2014 17:22:29



ty
er
tr
a

ve
Th

t

C
th
bl
th
t
re
st
io

-
th
h

re

ns
ua

i
h

all
As
n.
ral
s

u-
n
ce
tra-

is-
Er
We

rrier
m

al
tion
is
im-
the

l is
ded
ave
Er

per-
to an

hin
rAs
g-
by

09.
ia/
e
r-
rt-
, is

pl.

ns,

te

1112 J. Appl. Phys., Vol. 85, No. 2, 15 January 1999 Maltez et al.

 [This a
samples annealed at 750 °C can enhance the probabili
photoexcited carriers being trapped at Er radiative cent
resulting in more intense Er PL, even though the concen
tion of these centers may have decreased during the anne
a manner similar to that in the Be-doped samples.

Finally some speculation about the likely optically acti
center can be made comparing TEM and PL results.
optically active center in GaAs has been suggested to be
Er tetrahedral interstitial site.9,5,19As noted earlier, the strong
decrease in the 1.54mm Er emission observed after 750 °
annealing for LT-GaAs:Be and standard GaAs indicates
the optically active Er sites are becoming thermally unsta
We also begin to observe some ErAs precipitation at
annealing temperature. These two observations sugges
possibility that, at increasingly higher anneal temperatu
instead of having a high concentration of isolated Er inter
tials in the GaAs matrix, we now have a high concentrat
of ‘‘Er–As complexes.’’ For example, these Er–As com
plexes could be clusters of Er associated with clusters of
Ga vacancies, which are common in LT-GaAs materials. T
specific isolated Er tetrahedral interstitial site conside
here is that represented by the full black circle in Fig. 6~a!,
which shows the GaAs unit cell. In this figure the locatio
of the nearest equivalent interstitial sites are shown as sq
symbols. For comparison, the rock salt structure of ErAs
shown in Fig. 6~b!. The ErAs structure can be seen as t

FIG. 6. ~a! GaAs structure~Zinc blende;a055.653 Å! with an Er atom~full
circle! occupying the tetrahedral interstitial site~supposedly the Er optically
active site in LT-GaAs!. Also shown as squares the nearest equivalent
rahedral interstitial sites.~b! ErAs structure~rock salt;a055.732 Å!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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limit of the structure in Fig. 6~a! with all the Er tetrahedral
interstitials being effectively occupied by Er atoms and
the Ga sites vacant. From this point of view, the Er–
complexes could be the initial step for ErAs precipitatio
The following three facts support this picture: Er tetrahed
interstitial sites are a natural precursor for ErA
precipitation;15 Er was incorporated into the matrix as a s
persaturated solution;14 and a sublinear relationship betwee
the Er emission intensity and the total implantation fluen
was observed for the sample with the highest Er concen
tion.

V. CONCLUSIONS

In this work we have studied the characteristic Er em
sion, the crystalline quality and the Er precipitation of
implanted Be doped and undoped LT-GaAs samples.
have shown that it is possible to obtain the 1.54mm Er
emission in LT-GaAs samples. This suggests that the ca
trapping time at the Er site is relatively short. The optimu
annealing temperature for Er activation is around 650 °C~or
lower! for LT-GaAs:Be, and around 750 °C~or higher! for
undoped LT-GaAs. We conclude that this different therm
behavior for the undoped material is due to the degrada
of the ultrashort carrier lifetime for 750 °C annealing in th
material. TEM measurements clearly show that samples
planted at 300 °C have excellent crystalline quality up to
total fluence of 1.3631014 Er/cm2 (1019 Er/cm3 plateau
samples!. The damage recovery of the undoped materia
even better and does not show any evidence of exten
defects, but does show an intense As precipitation. We h
also observed that ion implantation is able to incorporate
into the matrix as a supersaturated solid solution. This su
saturated state appears to be metastable, at least up
annealing temperature of 650 °C~for 30 s! and for Er con-
centrations below>1019 Er/cm3. Precipitates showing good
contrast on DF 200 have been observed exclusively wit
the implanted area after annealing. They probably are E
precipitates with the rock-salt structure. This work also su
gests that even higher Er PL intensity could be obtained
performing Er implants to higher fluences.
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