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Characteristic 1.54m Er** emission has been observed from Er-implanted and annealed,
low-temperature grown GaAs Be doped and undoped samples. Er plateau implan@gimnss5,

and 40 keV successive implantsere performed at 300 °C covering calculated Er concentrations
from 10 up to 1G° Er/cn?. 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
X 10* Er/cr?. 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-10'° Er/cn?. Er precipitation was observed after 750 °C annealing for
10 Er/cn? samples, but could be observed foP48r/cnt Er-doped samples even after a 650 °C
anneal. These precipitates are most likely ErAs. 1899 American Institute of Physics.
[S0021-897€09)07402-2

I. INTRODUCTION served this Er emission for low temperature grown GaAs
doped with Be(LT-GaAs:Be.
Rare earthRE) elements have an incompletd 4lec- LT-GaAs'? is a nonstoichiometric GaAs layer grown by

tronic shell that is screened from the outer crystalline enviMBE at much lower temperatur@sually between 200 and
ronment by closed & and 5° orbitals. As a result, the 300 °Q than the standard 500—600 °C. Such layers have an
transitions from a 4 excited state to the ground state retainarsenic excess around 1 at. %, which results in a high con-
essentially their atomic character, which means that REentration of(As)g, antisites as well as Ga vacancies. This
doped materials characteristically exhibit sharp, temperaturbigh concentration of point defects leads to special charac-
stable, and host independent luminescence spectra. For tHivistics for applications in high performance optoelectronic
reason, RE doped IlI-V semiconductors have potential apdevices:**3 (i) high resistivity and breakdown strengitii;)
plication in semiconductor light-emitting diod€ésEDs), la-  extremely short photoexcited carrier lifetime on the order of
sers, and as components for optical communication techno& few hundreds of femtosecontisHowever, because of this
ogy. In particular for the RE element Er, the internal high concentration of point defects, Er photoluminescence
transition from the first excited state to the ground statePL) was not necessarily expected in this material because
(*l 37—l 15, results in emission near 1.54m. This is an  these centers provide a very fast and efficient trapping chan-
important wavelength because it corresponds to the mininel to compete with the Er for the photoexcited carriers.
mum absorption in standard silica-based optical fibérs. In addition, the doping with Be of LT-GaAs strongly
Such characteristic Er emission has already been olfuppresses As precipitatiofas well as As out diffusion
served for standard GaAs hosts doped with Er by differentiPon annealing’ Be doped layers grown at300 °C show
procedures, namely, liquid phase epitakE),°> molecular ~ the same short photocarrier lifetime that is only obtained for
beam epitaxy(MBE),*® metalorganic chemical vapor depo- Undoped LT-GaAs grown at200 °C* Thus, Be doping
sition (MOCVD),%8and ion implantatio:?°In a previous ~ allows implantation up to 300 °C as well as postimplantation

work,'t where we reported our first results, we have Ob_annealing with less ri;k of de.grgding the optical response.
One important point restricting the concentration of op-

tically active Er sites is the Er solubility in the host material.
It is generally accepted that Er atoms in precipitates would

dpostdoctoral fellowship by CAPES-BrialBrasil.

0021-8979/99/85(2)/1105/9/$15.00 1105 © 1999 American Institute of Physics



1106 J. Appl. Phys., Vol. 85, No. 2, 15 January 1999 Maltez et al.

TABLE I. Implantation conditions employed to obtain the named sampl&% 10'°, and 16° Er/cn?. These
implantation parameters were projected to result in an aimost homogeneous Er concentratiéniif,cand
107° Er/en, respectively, from 10 to 145 niplateau-like Er distributions

Implantation  Implantation  Implantation  Total implantation

Sample temperatures energies fluences fluences GaAs types
denomination (°C) (keV) (Er/cn?) (Er/cn?) implanted
Plateau 480 94 10%
10 Er/cn? 300 155 3.Kx10% 1.36x 108 LT-GaAs:Be
40 1.1x 102
Plateau 480 9410 LT-GaAs:Be
10 Er/cn? 300 155 3.x10% 1.36x 10* LT-GaAs
40 1.1x 1013 GaAs
Plateau 480 94 10"
10%° Er/cn? 300 155 3.K10% 1.36x 10" LT-GaAs:Be
40 1.1x 10%

not be optically active. The solubility of Er in LT-GaAs performing three consecutive Er implants at energies of 480,
should therefore be taken into account to estimate the optit55, and 40 keV, always keeping the sample at 300 °C tem-
mum Er doping concentration. Er solubility in standard perature.
GaAs was determined to be approximately Z0'’ Er/cn? LT-GaAs:Be samples were implanted to different flu-
by Pooleet al'* They analyzed the incorporation of Er into ences in order to obtain three Er concentration levels along
GaAs layers during MBE growth by transmission electronthe plateaufa) sample 16 Er/cn? (the partial fluences for
microscopy(TEM). At higher concentrations, ErAs precipi- each of those energies were, respectively, oxaa'? 3.1
tates were formed. These precipitates had the rock salt strus« 10'2 and 1.1x 10" Er/cr), (b) sample 18 Er/cn? (the
ture and were completely coherent with the GaAs 08, partial fluences were, respectively, 9.4013, 3.1x 103, and

In our first work* we studied single and plateau-like Er 1 1x 10'3 Er/cn?); and (c) sample 18° Er/cn?® (the partial
implantations into LT-GaAs:Be(Er concentration was flyences were, respectively, X40% 3.1x 10" and 1.1
around 16° Er/cnv) performed at room temperatuf®T) 1014 Er/cn?). These implantation parameters were pro-
and at 300 °C temperature. It was verified that all samplefycted to result in an almost constant Er concentration & 10
implanted at 300 °C had an excellent crystalline quality a%case & 10 (case b, and 16° Er/cn? (case ¢ from 10 to

well as a considerably higher PL intensity than implants a4 45 hm pased on each individual profile as calculated by the

RT.* We also showed that a postimplantation annealing wasp 16 program. The named samples 140 10', and

required to activate the Er emission, with the 650 °C annealg 20 £1/cn# were obtained by usintptal implantation flu-

significantly more efficient than 750°C anneals forences of 1.3 101 1.36< 10 and 1.36¢ 10 Er/er?. re-
LT-GaAs:Be!! This Er emission was found to occur on the ' n ' ' ,

. . ectively. A summary of the implantation conditions is
top of a broad background luminescence. We also did nogﬁlen in ')Fable | y P
observe a clgar E.r precipitation even thqugh the calculate The implantation carried out for the undoped LT-GaAs
Er concentration, in the samples, was typically one order OI

S anl9
magnitude higher than the Er solubility limit determined by ayers corresponds to case) above, i.e.,~10" Erfen?
Pooleet al!* In the present work we have studied the Er palong the plateau. Also standaiahd undoperiGaAs layers

emission as a function of Er implanted concentratiand Er were Er implanted fol!owing the same ?a(@ condition to
precipitation as well as the evolution of the implantation allow a direct comparison among the different GaAs types.

damage with increasing Er fluence. In addition, we also have I?apid thermal annealinggRTA) for 30 s at 650 and
studied the Er PL behavior for undoped LT-GaAs. For this/20 °C were performed on different pieces cleaved from
case, as will be shown, the characteristic Er emission show?ach implanted sample. The structural quality of the layers

a completely different dependence on the thermal treatment@s investigated using a Topcon 002B transmission electron
performed on the samples. microscope with 200 keV of acceleration voltage. Cross-

sectional specimens were prepared by mechanical polishing
and dimpling, followed by ion milling using a liquid
nitrogen-cooled stage. Beam conditions 200, 400, and 02
for bright and dark field image modes were employed to
Undoped as well as Be dopedBe]=7x10 cm 3  obtain the micrographs.

LT-GaAs layers 1.5um thick were grown by molecular PL measurements were performed at 10 K using 514 nm
beam epitaxy or{001) GaAs substrates with a fixed As/Ga excitation from an argon ion laser. The emitted radiation was
beam equivalent pressure ratio of 20. The GaAs substrateollected and analyzed with a 0.22 m double grating spec-
temperature during growth was 200 and 300 °C for the untrometer, and the PL signal was detected by a liquid
doped LT-GaAs and Be doped LT-Ga#flsT-GaAs:Be, re-  nitrogen-cooled germanium detector using standard synchro-
spectively. Plateau Er depth distributions were obtained byous detection techniques. A relatively wide spectral band-

Il. EXPERIMENTAL PROCEDURES
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pass of 3.4 nm was used for all of spectra, so that the Weak'Surface >
est spectrum could still be observed and compared directly to
the strongest. Some features, particularly for GaAs:Er an-
nealed at 650 °C, exhibit a much smaller linewidth. The |
resolution of these features is not an important part of the
present work. |

The implantations were performed using the 500 kV ion
implanter at the Instituto de §ica, Porto Alegre. Annealing
and transmission electron microscopy were performed at
Lawrence Berkeley National Laboratory. The photolumines-
cence measurements were performed at the Naval Researc
Laboratory.

Ill. TEM MEASUREMENTS: RESULTS AND
DISCUSSIONS

A. Concentration study

This study was made exclusively on LT-GaAs:Be
samples. Figure 1 shows TEM micrographs from samples
10* and 163° Er/cn? before and after annealing. In this fig-
ure, picturesa), (b), and(c) correspond to the 18 Er/cn?
samples andd), (e), and(f) to the 13° Er/cn? samples, i.e.,
same implants are on the same column. The first piditaje
or (d)] is the observation from the as-implanted sample, the
second picturé(b) or (e)] is after the 650 °C anneal and the
last picture[(c) or (f)] is after the 750 °C anneal, i.e., same
postimplantation histories are on the same row.

All the images in Fig. 1 are cross-sectional TEM micro-

graphs in bright field(BF) taken withg=022. The (001)
surface is the sample edge located at the top of each figure

The BF 02 image condition provides good contrast for ‘(b)
damage observations. The main defects are dislocation 100PS g
Due to the implantation at high temperat8®0 °Q and the
low total implantation fluence used, the'§@Er/cn? sample
does not show any visible damage, for either the as-
implanted sample or after annealing. For this reason, TEM
micrographs for this concentration are not present in Fig. 1.
However, defects begin to be visible for W@Er/cn?
samples.

Even for the higher Er concentrations {0and
10?° Er/cn?, no visible defects could be observed for the
as-implanted samples. The samples show very good crystal;
line quality from the point of view of extended defe¢Egs.

1(a) and Xd)]. These results suggest that even when the im-

plantation fluence is increased by two orders of magnitude

the great majority of the ion damage is being recovered dur- | ——

ing the implantation at 300 °C. This is in contrast to room (C) 100 nm (D

temperature implants, where a significant amount of damage .

was observed in as-implanted matetial. FIG. 1. Cross-sectional TEM microgra_lprF 022) for plateau implan_ted
Figures 1b) and Xe) are micrographs from samples an- samples at 300 °C. Th&01) surface is at the top edge of each figure.

R . ) Pictures(a), (b), and(c) correspond to the 28 Er/cn? while (d), (e), and(f)
nealed at 650 °C. The sample'1@&r/cn? [Fig. 1(b)] still correspond to the £OEr/cn? sample, i.e., the same implants are on the

does not show evidence of significant damage while a strongame column. For all of those cases the first pictayeor (d) is the obser-
damaged area can be noticed for the sampl@ E0cn? vation from the as-implanted sample, the second (her (e) is after the
[Fig 1(6)] This damage is characterized by their dislocation650 °C anneal and the last of®@ or (f) is after the 750 °C anneal, i.e., same

’ L postimplantation histories on the same row.
loop densities ;) averaged from surface down te220
nm: 5><51076 loops/nnd, for sample 1& Er/cm?, and about  sample 18 Er/cn?, the near surface arddown to 75 nm
3x10°° loops/nnt, for sample 1& Er/cn? [Fig. 1(e)]. The  still keeps good crystalline quality. For this case, the high
dislocation loop mean diameter2r() are~1.5 nm and~3.0  concentration of dislocation loops is restricted to the area of
nm for those samples, respectively. However, even for thgs to ~240 nm from the sample surface. This is the end of
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TABLE Il. Estimates for the total extension of dislocation lines per unit
volume of the sample.

Eﬂ'vl (cm™?)

10'° Er/cnt, 10'° Er/cn?, 10%° Er/en?,
RTA LT-GaAs:Be standard GaAs LT-GaAs:Be
650 °C 2.%x10° 2.8x10° 2.8x 10
750 °C 2.%10° 2.9x10° 3.1x10%°

range area sinc@rIM calculations indicate that the half
height on the end of the Er plateau should be located around(a)
145 nm. The near surface ar@own to 75 nm still keeps
good crystalline quality.

Figures 1c) and Xf) are micrographs from samples an-
nealed at 750 °C. It appears that small loops are annealed ou
for the sample 18 Er/en?® [Fig. 1(c), v;=2X10"°
loops/nni], but still some small loops2f ~3.5 nm) appear
around 120 nmend of range argaHowever, there is no
drastic change for the sample2@&r/cn?, it keeps essen-
tially the same depth damage distribution with just a little
lower loop density ¢,=2x10"° loops/nni) than observed
after the 650 °C anneal. The main difference is that the dis-
location loops now seem to have a more homogeneous anc( )
larger size 2r ~5 nm). Also the transition between the clean
area(near surfaceand the end of range area is a little deeper
than before(about 90 nm depih

Table Il shows estimates, from TEM micrographs, for
the quantity?r v 1, which represents the total length of dis-
location lines per unit volume. This factor estimates the crys-
talline quality of the implanted area from the point of view of
extended defect@veraged from surface down 16220 nn).

The values for sample #®Er/cn? (implanted at 300 °Care

in the same range as observed for room tempergRig
implants'! However, the total implantation fluence for this
300 °C implanted sample is about 25 times higher than that

employed for the RT implarit (C) 100 nm

) FIG. 2. Cross-sectional TEM micrograpt&F 022) for 10'° Er/cnt plateau
B. Material type study implantation at 300 °C after annealing at 650 °C. Pict@ecorresponds to

. . the LT-GaAs sample doped with Be, pictutb) to the standard GaAs
This study was made on ¥OEr/cn? Er |mplanted sample, and picturé) to the undoped LT-GaAs sample. Tt@01) surface

samples. The evolution of the structural damage for LT+s at the left edge of each figure.
GaAs:Be was reported in the previous section with analyses
of Figs. Aa)—-1(c). Also it is clear, from those figures, that GaAs[Fig. 2(c)]: there is a very intense As precipitation and
arsenic precipitation in those samples was strongly supa complete absence of ion implantation damage. The average
pressed due to the Be doping. The high temperature implargiameter of the As precipitates is about 5 nm after the 650 °C
tation did not interfere with this suppression. Some veryannealing[Fig. 2(c)]. The undoped sample annealed at
small As precipitates for Be doped samples are seen morgs0 °C shows larger As precipitatés-9 nm in diameter
clearly after annealing at 750 °C. Double black lolgelsar-  and again no implantation damage was observed. Only the
acteristic of small As precipitate€an be seen beyond the undoped as-implanted sample shows a faint indication of
implanted area. damage, very similar to that observed in Fig&) land 1d).

This strong suppression of As precipitation obtained byThe complete absence of extended defects is a surprising
Be doping is more clearly evident when we compare thecharacteristic that may be correlated to the strong As precipi-
image from a Be doped sample to an undoped LT-GaAgation observed for undoped samples. Standard GaAs also
sample, as shown in Fig. 2. In this figure, cross-sectionalvas analyzed and shows damage levels very similar to those
TEM images from a Be doped LT-GaAs samplég. 2a)] observed for the Be doped ca@ee Table Il for estimatgs
and from a standard GaAs sampkeg. 2(b)] are compared
to that from the undoped LT-GaAs samjpkeg. 2(c)]. All of
them are 18 Er/cn? implanted samples annealed at 650 °C.  Within the implanted area, after annealing, a different
Two strong differences can be seen for the undoped LTtype of precipitate was observed from contrast analysis under

C. ErAs precipitation
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Surface 3(a)]. This can be understood taking into account that the Er
solubility is around & 10 Er/cn? in standard GaAs, re-
ported by Pooleet al'* The 13° Er/cn? plateau implanted
samples show these precipitates, but only after annealing at
750 °C and particularly at dislocation cordsg. 3b)]. The
highest concentration analyzed was1Br/cn? [Fig. 3(c)].

It shows a high concentration of bright dots from the surface
down to around 150 nm that agrees fairly well with the end
of the Er depth profile as calculated by theim program®

Also seen from Fig. &) is a decrease in their number in the
area where dislocation loops are present, with a simultaneous
increase in their sizes. This could be expected since the Er
concentration must be approximately the same down to
around 145 nm. In the near surface afdawn to 90 nm
these bright precipitates show an average size around 1 nm
in diameter but it increases to around 1.5 nm between 90 and
150 nm. The same argument can explain why we see larger
precipitates in the sample T0Er/cn?. Fewer active Er
nucleation centers can be expected due to the lower Er con-
centration. These centers are mainly the dislocation cores
that also are present at lower density compared to the sample
10?° Er/cnt.

Longer annealing at higher temperature, done on the
sample with the highest Er concentration {A8r/cn?),
makes this Er precipitation clegsee Fig. &)]. Particularly
in this figure, larger precipitatgs-4 nm in diametercan be
seen in the end of range area. It is also likely that some
longer range Er diffusion has occurred for this case, since
precipitates can now be seen deeper into the sample. Another
interesting point is the different contrast observed on DF 200
micrographs for precipitates very deep in the sample where
no Er could be found. These are clearly As precipitates and
show very faint dark contragand not brighk for this image
condition.

Er precipitation is not observed for any of the as-
implanted samples. After the annealing at 650 °C, just the
10%° Er/cn® sample shows this bright dot contrast but less
intense than observed after 750 °C annedlfig. 3(c)]. The
FIG. 3. Cross-sectional TEM micrographs for DF 200 condition where theother GaAs types also do not show any indication of this
(001 surface is at the edge on the left of each figiag—(c) Correspond to precipitation in the as-implanted samples. The LT undoped

the 138 10%°, and 18° Er/cn? plateau implanted samples, respectively. All 9 L
of them are after RTA annealing at 750 °C for 30(d). Corresponds to a GaAs (16 Er/cn? sample) does not show this kind of con-

special annealing at 800 °C for a half hour performed of? Bb/cn? pla-  trast for any annealed sample either. This is consistent with
teau implanted sample. the fact that we did not observe dislocation loops for these
undoped samples, as were observed for Be doped samples.
The analyses done on the standard GaAs'Y{E®/cn?
dark field image conditions taken wit=200. Figure 8) is  sample show a few bright dot¢less than the ones observed
an example of this special precipitation. The images in Fig. 3n the Be doped cageafter annealing at 750 °C. We have
are cross-sectional TEM micrographs in DF 200. T@l) also analyzed unimplanted samples submitted to the same
surface is at the left edge of each figure. Figurés-33(c) annealing conditions and they have not shown any evidence
correspond to the Be doped samples®1010'°, and of this kind of contrast under DF 200.
100 Er/cn?, respectively, after annealing at 750 °C for 30's.  All these observations, concerning sharp bright contrast
Figure 3d) corresponds to a special annealing at 800 °C foifor DF 200 for some precipitates exclusively in the im-
a half hour performed on the 1DEr/cn? Be doped sample. planted area, suggest that ErAs precipitation is occurring in
The purpose of this annealing was to obtain a more cleathese cases. These precipitates would have the rock salt
precipitation. structure and could be completely coherent with the GaAs
As mentioned before, these sharper and bright precipihost. In this case, ErAs precipitates,=5.732 A, would be
tates can be seen just within the implanted area and theslightly compressed in order to be accommodated into the
number increases with increasing Er concentration. For th&aAs or LT-GaAs matricess,=5.653—5.659 A. This pos-
sample 18° Er/cn? there is no such precipitatidisee Fig. — sibility of formation of ErAs precipitates has also been re-
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ported for standard GaASand subsequently confirmed by T v T
channeling measuremerifs.These precipitates appear as - (a) ]
bright spots under DF 200 due to their structure factor which 10%8/cms Er ]
is much greater than that of the surrounding GaAs lattice. i
High resolution images of these precipitates indeed confirm
that they are completely coherent with the matrix. Because
they have almost the same lattice parameter as the GaAs
lattice and are completely coherent, extra spots could not be
observed on the diffraction pattern.

In our case, the ion implantation procedure incorporates 5 .
Er into LT-GaAs as a supersaturated solid solution: none of i 650°C
the as-implanted samples_show ErAs formation; it can be Y 15'20 * 1560 1600 1640 1880
observed only after annealing at 750 °C for samples with an wavelength (nm)
Er concentration- 10 Er/cn?; for this kind of precipitation
to be observed after annealing at 650 °C, an Er concentration
around 16° Er/cn? (2 orders of the magnitude higher than
the estimated limit of solubilityis required. The supersatu-

g

PL intensity (uVolts)
E-N
3

g

750°C

- (b)

10%8/cm3 Er

8

rated condition persists after annealing probably because, Er 2
diffusion in the LT-GaAs host is not fast enough during RTA 2,400
annealings, or the temperatures were not high enough for 2
precipitate nucleation. This is in agreement with the obser- 8
vation that precipitation begins to occur first at dislocation ;200

cores for the 18 Er/cn® sample[Fig. 3(b)] and that longer
annealings and higher temperatures can increase the ErAs -
precipitation, as observed in Fig(d3.

no anneal

1640 1680

1520 1560 1600

IV. PHOTOLUMINESCENCE MEASUREMENTS: wavelength (nm)
RESULTS AND DISCUSSIONS I —
Figure 4 shows PL spectra comparing results from LT- oo (€) Efty | A
GaAs:Be plateau implanted samples with different Er con- 10%%em’Er | 1019em3 Er
centrations, namely, #®[Fig. 4@a)], 10*° [Fig. 4(b)], and z 650°C Anneal ’
10%° Er/cn? [Fig. 4(c)]. The measurements were performed 5400 | )
on as-implanted, annealed at 650 and 750 °C samples, result- >
ing in three spectra for each concentration. As can be seen g r 650G T
from this figure, the emission in that spectral range is domi- =
nated by a broad background signéxcept for the & 2007 800 wav;ﬁgogm(n;?oo 1
10%° Er/cm® sample annealed at 650 Y.CThis background, I ]
shown in the insert in Fig. (@) for the 13° Er/cn?® sample 50°C
annealed at 650 °C, results from a very broad emission that ol propmnedl, |, =
1520 1560. 1600 1640 1680
appears to peak near 1500 nm, due to the long wavelength wavelength (nm)

cutoff of the Ge detector. The broad background PL is ob-
served to increase monotonically with increasing anneal tem=!C. 4. PL spectra comparing plateau implanted samples at 300 °C, namely,
perature, with elevated implantation temperatidrand with 10" @, 10" (b), and 16° Ericr? (). Spectra are shown for the as-

: . implanted, annealed at 650 and 750 °C samples, resulting in three spectra
decreasing damage as seen by TEM. These observations Syg-each implantation condition. Insert jo): Er emission, from 18 Er/cr?
gest that the observed intensity increase is associated wiample annealed at 650 °C, on top of the broad background PL shown over
the improvement in crystal quality due to reduction of re-an extended wavelength range.
sidual implantation damage. This broad emission is observed
for all of the samples studied here, including the standard
GaAs material. Low temperature photoluminescence meaalmost to the band gap. These bands are both commonly
surements of this band were carried out using a liquid nitro-observed from liquid encapsulated Czochral&l&C)-grown
gen cooled PbS detectét—3.6 um responsgin order to  bulk GaAs, the 0.65 eV band originating from transitions
measure the complete spectrum for this feature. The baclbetween the EL2 antisite-related defect and both band
ground PL of the plateau-implanted samples shown in Fig. £dges.’ while the 0.8 eV band is associated with the pres-
was found to be due to a very broad emissierl.1-2.5 ence of microdefect§precipitates, vacancy complexes, dis-
um) resulting from the superposition of two emission bandsilocation loop$.*®
one centered at0.65 eV and the other centered-ad.8 eV. A distinct feature in Fig. 4 is the 1.54m Er emission.
The latter emission band is primarily responsible for theAs reported in previous work, the as-implanted samples do
broad background upon which the Er PL is obserfiedet, not show any sign of this Er emission in any case. It is
Fig. 4(c)] as well as for the long high energy tail reaching unlikely under these conditions that much of the Er was in
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optically active sites, and the carrier lifetimes were presum- oo T

ably also very short, due to the large amount of damage 10001 (a) ]
induced by the implantation of heavy ions. It is presently not LT-GaAs:Er,Be
possible to determine which of these two effects is dominant. g 800 _
It is also noteworthy that in the spectrum shown in the insert 3

in Fig. 4(c), there is no evidence of any band edge emission. 2 600 :
This suggests that the carrier lifetime in the Er-implanted and 8

annealed material is still relatively short. ; 400 ]

The optimum annealing temperature seems to be around

650 °C(the Er emission strongly decreases after annealing at 2001 0 anneal ]
750 °O, showing a temperature behavior similar to that ob- o P—‘_QL\\\\_
served for standard GaAs:Er samptesThis behavior 1520 1560 1600 1640 1680
strongly suggests that the optically active Er site is being wavelength (nm)
thermally destabilized into a “dark site.” This is similar to T
the activation and destabilization of ¥rsites with anneal (b)
temperature observed in Er-implanted GaAs previous 10001 LT-GaAs:Er |
work!! we showed that in annealed samples the Er PL inten- 00

sity varies linearly with implantation fluence, up to an Er soor |
concentration of about #®Er/cn?. This is also reflected by 600 - i

the data in Fig. 4, as the ¥band 16° Er/cn? plateau im-
plants exhibit a similar linear increase of the Er emission
intensity with Er implantation fluence. However, between
10'° and 16° Er/cn? the emission intensity is seen in Fig. 4 200t " 650°C 1
to rise only a factor of 2.4, indicating a transition to sublinear ——/\nm
pehawor that would sugge_st a saturation at hlgher concentra- 0 1520 1%0’&1600 1640 1680
tions. At higher concentrations a smaller fraction of the total wavelength (nm)
amount of the implanted Er would be expected to find opti-
cally active sites. This can result from the formation of Er
complexes or ErAs precipitates.

Figure 5 shows PL spectra comparing results from all of
the three GaAs material types studied, i.e., Be dojeg.
5(a)] and undoped LT-GaAFFig. 5(b)] as well as the stan-
dard GaAdFig. 5(c)] used as reference. The figure also ex-
hibits the evolution of the PL spectra as a function of anneal
temperature. Postimplantation annealing was found neces-
sary to optically activate the implanted Er in all three types
of GaAs materials. After the 650 °C anneal, the standard

PL Intensity (uVoits)

g

PL Intensity (1Volts)

GaAs shows a highly structured spectrum that represents a 0  no anngal | -
different Er site than that observed in LT-GaAs. The stan- 1520 1560 1600 1640 1680
wavelength (nm)

dard GaAs also shows a more intense Er emission, since this
material has a much lower concentration of point defectFIG. 5. PL spectra from 8 Er/cn?® samples comparing different material
which can act as apping centers for the pholocarriers andes, 1T S\o5e0, Lre LT Sorety S Sorder Sones,
thus compete with the Er radiative centers. Upon annealmge'osulting i throe Spectra for o tevsey yne pies,
at higher temperaturér50 °Q the Er emission in standard
GaAs changes line shape to one that is similar to that in
LT-GaAs, characterized by a single broad PL peak thab(a)] is distinctly different than that for undoped LT-GaAs
would suggest an element of randomness in the environmesampleg Fig. 5b)]. For the latter material, the Er emission
of the Er site. Variation in the Er environment would cause afrom the 750 °C annealed sample was observed tpFimg
smearing of the crystal field splittings of individual®rev-  5(b)] almost twice the intensity of the 650 °C annealed
els, leading to such a broadened line shape. The site assosample, i.e., the optimum anneal temperature is near or
ated with this Er emission peak is the only one that is ob-greater than 750 °C, and not the same as for the others ma-
served(by its spectral signatuyan Er-implanted LT-GaAs terials. Since the Er PL intensity peaks near 650 °C for both
prepared over a wide range of implantation, annealing, an8e-doped LT-GaAs[Fig. 5a)] and standard GaA$Fig.
doping conditions. Presumably, it is the only site that carb(c)], the distinct dependence with anneal temperature in the
trap carriers fast enough to compete with the trapping atindoped LT-GaAs cannot be directly related to the lack of
other defects sites inherent to the low-temperature growme doping. We believe that this behavior derives from the
material. fact that the short carrier lifetimes of Be-doped LT-GaAs are
It is significant that the dependence of the Er emissiormore stable during annealing than those of undoped
intensity on anneal temperature for Be-doped LT-GHAlg.  LT-GaAs!® Thus, the longer carrier lifetimes of the undoped



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

Er tetrahedral interstitial in GaAs limit of the structure in Fig. @& with all the Er tetrahedral
interstitials being effectively occupied by Er atoms and all
the Ga sites vacant. From this point of view, the Er—As
complexes could be the initial step for ErAs precipitation.
The following three facts support this picture: Er tetrahedral
interstitial sites are a natural precursor for ErAs
precipitation*®> Er was incorporated into the matrix as a su-
persaturated solutiolf;and a sublinear relationship between
the Er emission intensity and the total implantation fluence
was observed for the sample with the highest Er concentra-
tion.

V. CONCLUSIONS

Closest Er equivalent interstitial
In this work we have studied the characteristic Er emis-
sion, the crystalline quality and the Er precipitation of Er
implanted Be doped and undoped LT-GaAs samples. We
have shown that it is possible to obtain the 1 Er
emission in LT-GaAs samples. This suggests that the carrier
trapping time at the Er site is relatively short. The optimum
annealing temperature for Er activation is around 65Q61C
lower) for LT-GaAs:Be, and around 750 °@r highep for
undoped LT-GaAs. We conclude that this different thermal
behavior for the undoped material is due to the degradation
of the ultrashort carrier lifetime for 750 °C annealing in this
material. TEM measurements clearly show that samples im-
planted at 300 °C have excellent crystalline quality up to the
total fluence of 1.3& 10 Er/cn? (10" Er/cn? plateau
samples The damage recovery of the undoped material is
F_'GI- 6. (a) GaAs SthUitUtréﬁi”dC bl'?“tdeﬁ%fﬁ;? A Witglaft]hEr sto"(tfu”” even better and does not show any evidence of extended
Crce)oceupyng e levanedrl nlrst stpposedy e £ ol defects, but does show an intense AS precipiation. We have
rahedral interstitial sitegb) ErAs structure(rock salt;a,=5.732 A). also observed that ion implantation is able to incorporate Er
into the matrix as a supersaturated solid solution. This super-
saturated state appears to be metastable, at least up to an
samples annealed at 750 °C can enhance the probability %‘nnealing temperature of 650 ®r 30 $ and for Er con-
photoexcited carriers being trapped at Er radiative centergentrations belove= 10'° Er/cn?. Precipitates showing good
resulting in more intense Er PL, even though the concentracontrast on DF 200 have been observed exclusively within
tion of these centers may have decreased during the annealtife implanted area after annealing. They probably are ErAs
a manner similar to that in the Be-doped samples. precipitates with the rock-salt structure. This work also sug-

Finally some speculation about the likely optically active gests that even higher Er PL intensity could be obtained by
center can be made comparing TEM and PL results. Theerforming Er implants to higher fluences.
optically active center in GaAs has been suggested to be the
Er tetrahedral interstitial sit¢>°As noted earlier, the strong  AcKNOWLEDGMENTS
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