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Both crystal structure and energy band-structure changes caused ‘bymisdantation and by
subsequent annealing in GaAs and in agulGa, 74AS quantum well are studied. We demonstrate

that the main implantation impact to the crystal structure is the creation of a large number of point
defects and strong compressive strain of up-.1%. Raman and x-ray data demonstrate almost
complete structural recovery for rapid thermal annealing temperat@@3°C. While the lattice
expansion becomes relaxed by annealing, the implantation-induced ionized point defects are still
present up to the highest annealing temperatures applied. Under these circumstances, a 22 meV
blueshift of the heavy-hole—electrghhh—1¢ transition within the quantum well and a substantial
reduction of the nonequilibrium carrier lifetime remain as consequence of implantatio200@
American Institute of Physics[DOI: 10.1063/1.1637956

I. INTRODUCTION The idea underlying our study is to combine a Raman
) o _ . ) ) study with careful monitoring of both structural and band-

lon implantation is one basic technique in solid-statesiyycture changes caused by implantation and subsequent an-
technology, which is used in mass production for severahea”ng_ For crosschecking the results on GaAs, we have
purposes, such as post-growth doping, creation of insulatingried an additional “sensor’ into our GaAs sample;
layers, and carrier-pair-lifetime engineering. There are S€Vhamely, an 1§ ,5Ga, 74AS quantum wel(QW). As'-ion en-
eral studies that employ, among others, Raman Spectroscogygy and dose are chosen such that both GaAs cladding and
for studying the impact of implantation and, to some extentyn . Ga, ;,As are impacted by the implantation process in
subsequent annealing. These reports reveal at least one Cogymost the same way. Besides Raman spectroscopy, the
mon experimental fact: lon implantation causdew-energy  samples are studied by diverse analytical tools, such as high-
shift of the phonon Raman lines that may be compensategeso|ution x-ray diffractiof HRXRD), cathodoluminescence
depending on the conditions chosen, either in part or almos(tL), photocurrentPC), and low-temperature, steady-state,
completely by annealing. The presence of the low-energyng time-resolved photoluminescen(@&y).
shift is independent of implam«';ltiqg doges, fnersgieg, and the  From complementary analysis of the results, it turns out
species that is implantei@.g., O, Si,” Ar,” Be,"As,” P’ and  that the expansion of the crystal lattice due to implantation
H’); only its magnitude is governed by these parameters. Thgscovers after appropriate annealing procedures, whereas the

following interpretations for the shift are suggestéd:ten-  glectronic structure remains smeared out by a high concen-
sile strain, which is well-known to reduce phonon enefjies iation of defects.

(cf. SP or GaAd'19. (i) anharmonicity in the vibrational

potential accgrding to the explanations OL_ltIined in Refs. ql. EXPERIMENTAL PROCEDURE

and 11, and(iii) phonon confinement‘spatial correlation

model”). The finite size of regions that are assumed to be The layer sequence of the samples used in this study

formed during implantation hinder the free propagation ofconsists of a 180-nm-thick GaAs buffer layer, a 9.5-nm-

phonons, resulting in a range of allowed q values out of théhick, compressively strained JasGay74As QW (e

zone center. According to the analysis suggested by Tiong —1.812%), and a 66-nm-thick GaAs cladding layer. The

et al® (see also references thereione obtains a localization layers were grown by metalorganic vapor-phase epitaxy on

length that is attributed to the diameter of unperturbed crysan exactly(001-oriented GaAs 2 in. wafer. After epitaxy,

talline areas or a “grain size” that corresponds to the spatiahalf a wafer was implanted with 150 keV Asons with a

correlation length. dose of 3.5 102 cm 2. The implanted wafer part was
cleaved into several 2010 mn? pieces that experienced a

IElectronic mail: tomm@mbi-berlin.de rapid thermal annealingRTA) process for 60 s at different

bnstitute of Semiconductor Physics, National Academy of Sciences, Prostemperatures-KRTA? ranging_from 400 to 650 °C. Thus, the
pect Nauki 45, 252650 Kiev, Ukraine. RTA temperature is the main parameter in our study.
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FIG. 1. Spectral position of thE-point LO- and TO-phonon peaks arising
from the GaAs-like modes from both the bulk-like GaAs as well as from the

QW versus RTA temperature. Data from the as-grown sample are shown g\hereas the data from the as-grown sample are arranged af-
the right, behind the axis break of the abscissa. Data from the as-implant . :
sample are presented at ambient temperature. The inset gives LO—phoneg%r an axis bre?.k at, the h.|gh-templerature end of T.R@;
peaks for the as growﬁu” |ine) and as_imp|anted Samp|¢60tted ||ne Scale AS deSCI‘Ibed n the II’]tI‘OdUCtIOﬂ, the Raman |IneS ex-
perience a low-energy shift after implantation, which is
. artly removed by annealing. The inset shows the LO-type

Room-temperature Raman spectra are recorded in backpes of the as-grown and as-implanted samples, demonstrat-
scattering geometry using fa=0.6 m DILOR spectrometer jng the spectral shift as well as the asymmetric line broaden-
after excitation by an argon-ion laser emitting at 514.5 NMynq after implantation.
The exciting laser beamP(=850,.W) that is directed par- Results of detailed Raman line-shape analysis are sum-
allel to the growth direction is focused by a microscope ob-ngarized in Fig. 2. In Fig. @), we show the full width at
jective (X50) onto the sample, resulting in al-um-  haif.maximum(FWHM) (I'/2), whereas Fig. @) illustrates
LN-cooled Si CCD camera. PC spectra are recorded by B /2,0) (T /20igr) - (T/2,0,) @nd ['/244) represent the shift
BRUKER IFS 66v Fourier transform infrared spectrometerpetyeen the line center and the low- and high-energy wing of
for in-plane excitation; that is, perpendicular to the growthihe spectra, respectively, withl’(2) = (I'/24y) + (I'/24ig) -
direction. Contact pads are mechanically fixed on claddingth sets of data are plotted versTis;,, where the data for
and substrate of the structure. The HRXRD measuremenige “as implanted” and “as grown” samples are again ar-
are carried out using a Philips MRD equipped with & Bar-ranged as described for Fig. 1. We complete the presentation
thels monochromator and a 0.75 mm slit in front of the de-of Raman data by providing excitation-power-dependent Ra-
tector. The obtaine€)/20 rocking curves are fitted using the man data for two samples in Fig. 3. Both samples exhibit a

EPITAXY4 software. The fitting model provides the layer yery different evolution ofl/2 with increasing excitation
thicknesses of the GaAs cladding layer and the InGaAs QWgengsity.

as well as the indium concentration and the additional strain
after implantation and annealing. Time-resolved PL is per-
formed by using a Tsunami Ti:sapphire laser for the creation
of sub-100-fs excitation pulse&epetition rate 82 MHz,
wavelength 785 nm Detection is done by a Hamamatsu

L
— ® T_.=650°C
504+— 0O Tora = 450 °C

5.5

1
ol

synchroscan streak camera with IR-enhanced cathode. The 7
overall temporal resolution of the complete setup is about 10 — 45
ps. § 40 '
N
IIl. RESULTS = 35 2
T G
Raman datdi.e., thel'-point TO- and LO-phonon peak 3.0 *L}

positiong versusT g are shown in Fig. 1. These lines arise ,T/
from the GaAs-like modes from both the bulk-like GaAs as 2.5+ - . .

10 10 10 10

well as from the QW. Contributions from the InAs-like
modes of the QW, expected in the 230-240 ¢mange, are
not detected. In this flgure, as well in all foIIowmg ones in FIG. 3. FWHM of LO-phonon peaks versus excitation power for the

which we present_data versus RTA temperatgre, we place ﬂ'E%mples that experienced RTA at 450 and 650 °C. The standard power used
data from the as-implanted samples at ambient temperaturia,the Raman experiments is 830\.

Excitation power (mW)
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FIG. 4. (a) HRXRD rocking curves from the as-grov(h), as-implanted?2),
and from the samples annealed Tat, =400 °C (3) and 650 °C(4). (b) Photon energy (eV)
Deformation of the GaAs claddin@ull circles) and the Ig ,58G& 72As QW
(open circlesobtained by modeling of HRXRD rocking curves. The built-in  FIG. 5. (@ RT PC spectra of the as-grown, as-implanted, and implanted and
straine = — 1.812% of the 1§,54Ga, 74AS QW on GaAs was set to zero for annealed Tgrra=400, 550, and 650 °Csamples. The main structure at
this display. 1.136 eV is caused by the 1hh—1e optical transition in thesida, 74AS
QW. The spectra are shifted against each other by multiplying the data with
constant factorgb) Normalized first derivatives of the spectradgidE) in
the range of the 1hh—1e optical transition in thg 4iGa 74AS QW. The

HRXRD rocking curves for as-grown and as-implantedfull lines show the 1hh—1e resonance for the as-grown at 1.136 eV and the

ofplanted sample witf gra=650 °C at 1.158 meV. The dashed line repre-
samples, as well as for samples annealed at 450 and 650 ?e’nting data from an nonimplanted sample that experienced RTA at 650 °C

are _Shown in Fig. @). The implantat.ion impact is seen as an is added for reference. The absolute value qf-dE for the as-grown
additional peak at the low-angle side of the substrate peakample exceeds the one of the as-implanted sample by a factor of 10.

indicating a region with additional compressive strain. This
indicates, in fact, the GaAs cladding layer has a higher lattice
parameter after implantation due to the formation of Frenkektate in the QWheavy-hole—electrofilhh—1¢] for the as-
defectst? The InGaAs peaknot shown hereis shifted to  grown at 1.136 eV and the implanted sample annealed at
lower angles as well. Obviously, both the 9.5-nm-thick QW Tg,=650°C at 1.158 eV. The dashed line represents data
and the 66 nm GaAs cladding are impacted by the techndrom a nonimplanted sample that also experienced RTA at
logical processes by almost the same amount, as shown 850 °C. Thus, the whole 22 meV blueshift is considered
detailed analysis for all gra [cf. Fig. 4b)]. For better com- implantation-induced.
parability the &£=-1.812% built-in strain of the Further information on the impact of the process to the
INg 258G & 74AS QW on GaAs was set to zero. The higher theelectronic band structure was obtained from low-temperature
annealing temperature, the more the implantation-induce®L. Spectra from the as-grown structure show a distinct ex-
compressive strain is reduced. For both the GaAs claddingitonic QW emission at 1.221 eVTE 10 K), whereas all
layer and the InGaAs QW, this process takes place in thénplanted samples show wide, infrared PL bands that are
same way, and the additional strain is removed at an anneakssigned to optical transitions involving deep levels. At the
ing temperature of 600 °C. original QW emission energy a weak and broad emission
While Figs. 1-4 relate mainly to changes of thieuc-  band remains, which merges with the deep-level contribu-
tural propertiesof the samples after implantation and subse-tions. A general tendency of increased PL intensity with in-
guent annealing in the following the changes of #lec- creasing RTA temperature is observed; however, even for the
tronic band structureare addressed. implanted sample witfl gra=650°C, no return to a PL be-
Figure 5a) shows PC spectra, which characterize thehavior being indicative for a QW is observed. The PL behav-
absorption properties of the structure. Figutb)Shows se- ior is still dominated by defects.
lected first derivatives of the PC spectra in the QW-edge Time-resolved PL =10 K) after impulsive femtosec-
region. The full lines show the resonance created by the opnd excitation, detected at the spectral position of the edge
tical transition from the first heavy hole to the first electronemission (1.221 eV}, revealed luminescence decay times
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e ——— [ samples and samples annealed below 550 °C. According to
sample as grown - (a) the spatial correlation modétf. Ref. 13, this asymmetry

(%TOK also allows to estimate the grain size. We find a value of

10° A ¥

8-10 nm. This is in good agreement with the numbers ob-

S 4 © =530 bs tained from the shift. The peak symmetry is improved for
R 25 N P$1 increasing annealing temperature, reaching a symmetric

h o L shape at 600 °C. This means that the translation symmetry is
. restored at that temperature. This result is in excellent agree-
X\ ment with the results of the relaxation of the lattice constant

PL signal (a.u.)

200 400 600 800 1000 1200 1400 > obtained by HRXRD(cf. Fig. 4. TheI'/2 data additionally
confirm this interpretation by showing a substantial reduc-
10° - . ]t (]ps)l — tion, at least up to RTA temperatures of 500-550 °C.
sample T, =650 °C —| (b)] The increase of th&/2 towards even higher RTA tem-
T=10K T peratures is most likely due to another effect that will be
; outlined in the following. The LO Raman band involves con-
tributions of free carriers, which, for concentrations below
10" cm™ 3, can induce a broadening of the LO phonon band.
Hence, the LO line should be considered rather as a combi-
nation of a regular LO phonon band and the lranch of the
longitudinal optic plasmon coupleLOPC) mode. In as-
10" | ‘J‘W- grown samples, the density of defects is very low and the
50 0 50 100 150 200 250 300 350 lifetime high(cf. time-resolved PL data given in Fig).6l'he
t (ps) Raman microprobe can generate the steady-state free carrier
concentration necessary to broaden the LO band by a sub-
FIG. 6. Transient PL (¥10K) after impulsive femtosecond excitation, stantial LOPC contribution. In the implanted and annealed
e ot e sl o oot o sy SamPles, the lfetime of the generated carrers is governed by
the recombination at crystal defectsap9 reducing the car-
rier lifetime and thus, the steady-state free carrier concentra-
(~nonequilibrium carrier pair lifetimgsof 530 ps for the tion. That in turn lowers the LOPC contribution to the LO
as-grown and 40 ps for the imp|anted Samp|e that experiband broadening. Figure 3 confirms this by demonstrating

enced RTA at 650 °CFigs. §a) and b)]. Samples annealed the substantially stronger excitation power sensitivity'(
at lower Trra do not show any signal for this excitation for the sample that experienced RTA at a higher temperature

regime confirming the presence of implantation-inducec®nd for which, consequently, a higher steady-state nonequi-
point defects, which act as traps for carriers killing any |u-librium carrier concentration during the Raman measurement
minescence for samples experiencing lovilgg,. Obvi- IS to be expected. Note that this discussion is consistent with
ously, the traps are subsequently removed during RTA, buhe time-resolved PL data; Fig. 6 provides evidence of sig-
only in part, even at temperatures as highTag,=650°C.  hificant changes in the lifetime of nonequilibrium carriers
Panchromatic CL images show no significant change ofluring annealing. Furthermore, the Raman data is consistent
the observed dark spot defect distribution for the as-grownvith the HRXRD results as well, which demonstrate almost
sample with implantation. The implantation, however, cause§omplete recovery of the lattice constantsTag,= 600 °C.
a substantial decrease of the CL intensity. Thus, homoge- While the strain caused by point defects is removed by
neously distributed point defects seem to be the only effecgnnealing, they still affect the band structure. Considering
of implantation. In addition, RTA does not generate any locathe PC data, we find, for the as-grown sample, a pronounced

defect accumulations that result in a notable additional CLQW absorption edge that becomes annihilated by ion implan-
tation, but which is subsequently restored again by FHig.

5(a)]. From an analysis of the first derivatives of the PC
spectra, we find the 1hh-1e resonance for the as-grown
V. DISCUSSION sample at at 1.136 eV and for the implanted sample with
We start the discussion by analyzing the data describind zr4=650°C at 1.158 e\[Fig. 5b)]. The resonance of an
the structural changes of the sample after implantation andonimplanted reference sample that also experienced RTA at
RTA. The Raman data in Fig. 1 show the LO line shift of 1.4 650 °C remains unshifted. Thus, the shift is not due to RTA-
cm ! between as-grown and as-implanted sample to be moriaduced QW intermixing, and the whole 22 meV blueshift is
pronounced compared to the TO line shift of 0.7 ¢niThis  considered implantation induced. Assuming, tentatively, this
agrees well with the “spatial correlation model” due to the shift to be caused by hydrostatic compressive strain, we
weaker dispersion of the TO phonons compared to the LO awould find a corresponding strain of abou.1%. Assum-
the I' point. The LO line shift indicates a grain size of ing, alternatively, a deformation of the QW for the present
slightly less than 10 nnicf. Ref. 5 for the areas in which QW structure, a 22 meV blueshift would correspond to a
translation symmetry after implantation is still maintained.lowering of the mole fractiorx by 0.025 or a narrowing of
The Raman bands are clearly asymmetrical for as-implantethe QW width by 2.6 nm. Both assumptions clearly contra-

(=]

L ot*]

PL signal (a.u.)

contrast.
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dict the HRXRD datdcf. Fig. 4. Note that, in particular, the GaAs-like modes from both the bulk-like GaAs as well as
similar behavior of the QW and GaAs bulk seen in Fih)4 from the QW and an increased asymmetry. The shift, as well
clearly contradicts the assumption of a change in QW shapeas the asymmetry, is reduced by RTA. From the lattice con-
Nevertheless, a substantial change of QW properties istant changes measured by HRXRD, it becomes clear that
clearly shown by the PC data as well as by the lifetimethese Raman shifts are not caused by tensile strain. The spa-
reduction(Fig. 6). By taking the difference between the pho- tial correlation model, however, provides concordant quanti-
tocurrents created by the defect bafad 1.11 eV and the tative explanations for both the shift and the observed line-
QW (at 1.16 eV [cf. Fig. 5a) bottom and tofy we find a  shape changes of the phonon peaks.

ratio between the deep-level defect concentrations of the as- We demonstrate that the main implantation impact to the
grown and the implanted sample witlkya =650 °C of >25.  crystal structure is the creation of a large number of point
This conservative estimatidneglecting PC saturatipwisu-  defects and strong compressive strain of up-th1% within
alizes that, assuming a typical background concentration dfoth GaAs and QW. Both Raman and HRXRD data show
10" cm ™2 for the as-grown samplief. discussion of Figs. almost complete recovery of the lattice parametersTign

2(a) and 3, a carrier and defect concentration of more than=600 °C and higher. While the compressive strain becomes
108 cm 2 for the implanted sample witligra=650°C is a  relaxed by RTA, the implantation-induced ionized point de-
realistic value. As has been pointed out in Ref. 12, the confects are still present up fBzra=650 °C. These defects and
centration of interstitials and vacancies has to be belowhe free carriers caused by their ionization modify the QW
10 cm 2 for not causing a change of the lattice parameterabsorption, in particular the PC spectrum, resulting in a 22
Thus, the actual carrier concentration after annealing ameV shift of the 1hh—1e transition, and substantially reduce
Trra= 650 °C is expected on the order of several®ldm 3. the nonequilibrium carrier lifetime to less than 10% of the
This estimation is additionally supported by the absence oinitial value.

any pronounced excitonic features in low-temperature,

steady-state PL and the predominance of deep-level-relateéfCKNOWLEDGMENT
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