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The implantation-induced intermixing depth profile for 100 keV*'Gans was determined by
photoluminescence measurements on a series of samples containing quantum wells at variable depth
from the surface but identical thickness. They were uniformly implanted and subsequently a rapid
thermal annealing was applied. The measured maximum of the intermixing occurred at a depth of
about 70 nm, significantly deeper than theoretical predictions. These results are important for
achieving sufficient intermixing with a low implantation dose, thereby optimizing crystal quality
and lateral resolution. €999 American Institute of Physids$S0021-897¢9)00323-(

Focused ion beanfFIB) implantation is an attractive range have been report&td}* This deviation is believed to
method to fabricate optical devices such as quantum wirede due to the channeling mechanism that is neglected in
quantum dots; 2 distributed Bragg reflectofsand distrib-  Monte Carlo coderrim.'® Laruelle et al** have shown that
uted feedback lasetsby lateral structuring of proper the focused ion beam penetrates in GaAgB& _,AsQW
samples. After implantation and rapid thermal annealingstructures much deeper than theoretically predicted for am
(RTA) implantation enhanced intermixing takes place, re-phous GaAgTRIM). They also found a smaller lateral strag
sulting in a modification of the band gap and refractive indexgling than predicted theoretically, resulting in a higher later
in the implanted areas. The most common ion source usegsolution. According to their interpretation both effects a
for implantation is G&, because it is the most stable liquid due to channeling. However, it is not yet well studie
metal ion source for FIB.Its nuclear efficiency with respect whether and how the channeling affects the ion depth dis
to the collisional mechanism also adds to its attractivehessbution. Implantation at normal incidence not only improve
Furthermore, Suzulét al® have shown that the implantation the lateral resolution by reducing straggling, but also mai
defects can be annihilated almost perfectly in“Gan-  tains this resolution over the whole sample surface. For tilt
implanted GaAs/AlAs materials, where the implanted ionsimplantation, dynamic focus control must be uséd.
are also constituents. Low dose implantation provides several advantages. T

The degree of intermixing depends for a given ion en-implantation damage remains small, the dose can be k
ergy on the implantation dose and RTA conditions as well agelow the amorphization dose, and the resulting structu
on the depth of the structure. The higher the implantatiorhave better crystal quality. For maskless implantation wi
dose, the higher is the intermixing effédtinfortunately, the  high lateral resolution it is also important to keep the tot
implantation damage reduces the crystal and thereby the ogipse small to avoid the unwanted side dose implantation
tical quality. The intermixing also increases with increasingnominally nonimplanted region. This side dose could acc
annealing temperature and duration. However, the effect igyylate about 1¥ ions/cn? in nonimplanted regions for
limited by saturation of the defectsand eventually by un- guantum wires implanted with a dose 0k&0M ions/cn 2
wanted intrinsic intermixing in unimplanted areas. The thirdgng 3 line spacing of 100 nfFurthermore, a higher implan-
parameter for a defined compositional intermixing is thetation dose requires a longer implantation time, thus incre.
depth of the structure which is to be modified by FIB. ing the probability of fluctuations in the ion current and th

For an implantation direction normal to the sample sur-j5, focus, which may result in inhomogeneous geometry a
face large deviations from the theoretically predicted io”potential. For instance in some cases the quantum wire
ergy states could not be resolved in the photoluminescel
@Eectronic mail: soheyla@fuj.physik.uni-dortmund.de (PL) spectrumz.
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In order to determine the depth for which the maximum 90
intermixing occurs, we grew several samples @00)- 80-_
oriented GaAs substrates by molecular beam epi(M&E). 1

i _unimplanted area

The growth conditions were kept constant for all samples. 70 s
Each sample consists of quantum wéNs) with the same 601
thickness but various depths from the surface. One advantads' 0_' 153 e 1558
. . . . . ()] e
of using QWs with the same thickness is that one is able tcg 1
determine the intermixing depth profile experimentally, with- 1 407 A QW:55nm

® QW :13.7 nm (x5)

1

out relying on theoretical calculations of the interdiffusion < 30+
length for intermixed QW2 which are usually based on an 20
error function potential model. Each sample includes two 1
QWs (5.2 and 13.7 nmlocated in depths ranging from 15 to 10__

Wﬁfﬁ ¥ ;

300 nm below the surface. The barriers are AlAs/GaAs su- 0 —— S A e s e s e e
perlattices with a period of 2.7 nm. This kind of barriers was 50 100 150 200 250 300
chosen rather than £ba,_,As barriers because they are depth [nm]

more resistant against implantation damlégmd because a FIG. 1. Intermixing depth profile for 100 keV Gaons in GaAs/AlAs QWs

pure AlAs layer at the boundary of the QW offers more Al of two different thicknesses: 5.5 nftriangles and 13.7 nncircles. Note
for the interdiffusion in GaAs QW than Ba _,As layers.  the different scaling of the two data sets.

For all samples, the implantation dose was about 7
X 10* ions/cnt and the beam current was kept constant at

20 pA to exclude the influence of the beam current on the 114 measured energy shiftE corresponds to a change
intermixing. Areas of 1 mm1 mm were implanted uni- 4 the QW thickness and consequently to an interdiffusi
formly on each sample. The ion beam diameter was aboybngth. Using a simple error function potential model fc
100 nm. After implantation the samples were annealed gferdiffused QWY we calculated the interdiffusion lengtt
750 °C for 20 s. Measurements in nonimplanted areas veriyg g function of the depth as shown in Fig. 2. Large interd
fied that under these RTA conditions no intrinsic interdiffu- fysjon lengths are achieved for this relatively low ion dos

sion occurs in nonimplanted areas and the measured energid moderate RTA condition. The maximum interdiffusio
shift reflects therefore, alone the concentration profile of thg@ength'® is about 1.3 nm at a depth at 70 nm. This corr
implantation induced point defects, e.g., vacancies and intekponds to an interdiffusion constant of X107 cn¥/s.
stitials. For higher annealing temperatures, which are re-  According toTrRIML® the maximum of the vacancies ant
quired for higher implantation doses, intrinsic interdiffusionjon profile are at a depth of about 28 and 44 nm, respe
could also take place, complicating the interpretation of theaively. We assume that the implantation induced vacanc
measured energy shift. The effect of the implantation enand interstitials are predominantly responsible for the inte
hanced intermixing was characterized by PL measurementsixing in this implantation dose regint& The presence of
at a temperaturefel K with a laser diodéA=682 nm) as an  the vacanci€d and the existence of the Al and Ga concel
excitation source. The excitation laser power and beam ditration gradient at the QW interface cause an interdiffusi
ameter were 0.5 mW and 17@m, respectively. current during RTA and promote the intermixing. It appea
The measured depth dependence of the energy shift duikely that the deviation between the experimentally me
to the intermixing is shown in Fig. 1 for two different QW sured depth of maximum and the theoretically predict
widths of 5.5 and 13.7 nm. The energy shift between the Plvalue is due to the channeling effect, which is neglected
peaks in implanted and nonimplanted areas of each QWRIM calculations. For implantation doses higher than tl
served as a measure of intermixifigset in Fig. 1. For 5.5
nm QWs the energy shift increases first rapidly with depth
and reaches a maximum at a depth of about 70 nm. Beyond 1.4
this depth it slowly decreases and at a depth of 260 nm there [}
are still sufficient defects to induce a significantly energy 10l 1
shift of 10 meV. The error bars in Fig. 1 give the standard
deviation determined from PL measurements for one of the
samplegwith 5.5 nm QW at a depth of 60 and 13.7 nm at 95
nm) which was implanted and annealed several times. In
contrast, the depth profile of the 13.7 nm QWSs indicates no
clear maximum. The reason for this behavior is that for the
thicker QWs the same interdiffusion length causes a smaller 0.6 e T
shift in the luminescence energy, which is of the same order 0 50 100 150 200 250 300
as the experimental errors. It is interesting that the 13.7 nm depth [nm]

QW shows an energy shift of about 1.5 meV for a depth OfFIG. 2. Calculated interdiffusion length as a function of depth for 5.5 n

300 nm WhiCh indic?tes the eXiStenC_e Of_a relfitively largeqw implanted with a dose of 7102 ions/cn? and annealed at 750 °C for
number of implantation defects even in this regime. 20s.

diffusion length [nm]
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