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Background:

AFM image of a self-aligned CoSi» nanowire in (111)-silicon synthesized by cobalt focused ion beam (FIB)
implantation and subsequent annealing. The 30 nm thick nanowire is oriented along the <110>-crystal
orientation. The field size is 1.5 x 1.5 um?2. The implantation was done at 450 °C with 60 keV Co?* ions at

2.5 x 10 cm2. Subsequently the sample was annealed in two steps 60 min. and 30 min. in dry N at
600 °C and 1000 °C, respectively.

Inset, top:

Scanning electron microscope image of the nanowire decayed into a chain of nanoparticles in (111)-Si due
to the 30°-misalignment of the FIB implantation trace relative to the <110>-crystal orientation. The
implantation dose is 1017 cm2.

Inset, bottom:

Corresponding result of 3D Kinetic Monte-Carlo simulation.

For details see the contribution of Ch. Akhmadaliev et al., pp. 33-36.
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Preface by the Directors

The Institute of lon Beam Physics and Materials Research (IIM) is the largest of six institutes of the
Forschungszentrum Dresden-Rossendorf (FZD) and contributes to its Research Program "Structure of
Matter". It combines basic and applied research in the fields of ion beam applications to materials and
semiconductor research, with more than 100 scientists, engineers, technicians, and PhD and diploma
students. The institute operates a national and international ion beam center, which, in addition to its
own scientific activities, offers services and transfers know-how on ion beam techniques to
universities, other research institutes, and industry. Parts of its activities are also dedicated to exploit
the infrared/THz free-electron laser at the 40 MeV superconducting electron accelerator ELBE for
condensed matter research. For both facilities the institute holds EU grants for funding access of
external users. Cooperation with our colleagues from the recently established High Magnetic Field
Laboratory Dresden (HLD), another institute of the FZD, is increasing as well.

lon Beams Semiconductors
Prof. Wolfhard Moéller Prof. Manfred Helm

Nanoscale
Thin Films Magnetism
Optoelectronic
Nanostructures Materials
lon - Solid
Highly Interaction Doping and Defects
Charged lon in Semiconductors
Group

The diagram displays the presently six R&D topics of the institute, together with the associated
Highly Charged Ion Group of the TU Dresden. Our research activities span a wide range of topics
relevant for future information processing, be it in the realm of nanoelectronics, optoelectronics,
magnetoelectronics or spintronics. Highlights of last year’s research are presented in this Annual
Report through reprints of important papers that were published in Physical Review Letters and Applied
Physical Letters. We feel that this may be a rather effective way of presenting our work, effective both
for us and hopefully also for our readers. We are particularly happy that among these we can present
the first two publications resulting from work at the free-electron laser FELBE.

For the friends and colleagues who have known our institute for a long time, it may be interesting to
observe that our research on optoelectronic materials and nanoscale magnetism, both essentially non-
existent a few years back, have now grown into strong and competitive activities, thanks to the
excellent young scientists who developed these fields here.

We are also pleased that we can report a quite stable level of third-party funding, in spite of the ever-
tougher competition. Here funding from the EU becomes a more and more important fraction, and
funding by the German Science Foundation (DFG) is significantly increasing at present. A good part
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of funding comes through contracts with industrial companies, in particular also from local micro-
electronics and other high-tech industry. Thus also our funding spectrum reflects our scope from more
basic to more applied research. Last but not least, the scientific output is what counts most among our
peers and for our advisory boards; we believe we have fulfilled our goals and others’ expectations, by
shifting a growing fraction of publications into high-impact journals.

The institute would like to thank all partners and friends, and the organizations who supported its
progress in 2006. Special thanks are due to the Executive Board of the Forschungszentrum Dresden-
Rossendorf, the Minister of Science and Arts of the Free State of Saxony, and the Minister of Education
and Research of the Federal Government of Germany. Our partners from universities, industry and
research institutes all around the world contribute essentially to the success of the institute, and play a
crucial role for its further development. Last but not least, the directors would like to thank all staff of
the institute for their dedicated efforts and excellent contributions in 2006.

Lfed) fo Lo %Lz@,

Prof. Manfred Helm Prof. Wolfhard Moller
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Anomalous Ion Accelerated Bulk Diffusion of Interstitial Nitrogen

Gintautas Abrasonis™ and Wolfhard Méller
Institute of lon Beam Physics and Materials Research, Forschungszentrum Rossendorf, PF-510119, 01314 Dresden, Germany

Xin Xin Ma

School of Materials Science and Engineering, Harbin Institute of Technology, 150001 Harbin, China
(Received 19 August 2005; published 13 February 2006)

Interstitial N diffusion under low energy (~700 eV) Ar" bombardment at 673 K in ion beam nitrided
austenitic stainless steel is investigated. Ar* ion bombardment increases the N mobility in depths far
beyond the ion penetration depth, resulting in an increased broadening of the N depth profile as a function
of Ar" flux. This effect cannot be explained by any established mechanism of radiation-enhanced
diffusion. An explanation based on quasiparticle-enhanced mobility is proposed.

DOI: 10.1103/PhysRevLett.96.065901

Transport phenomena in ion-irradiated solids can be
classified into athermal collisional processes such as recoil
implantation and cascade mixing, and processes which
require thermal activation such as purely thermal diffusion
or radiation-enhanced diffusion [1]. The athermal pro-
cesses act in a depth range which is affected by the slowing
down of the ions and relocation of atoms due to single or
multiple knock-on events. In contrast, the present Letter
reports on the existence of an ion induced athermal process
which is effective to a depth being several orders of mag-
nitude larger than the dimensions of the collision cascade.
N diffusion in the austenitic stainless steel (ASS) under Ar
ion bombardment is studied. Because of the broad appli-
cation domain of ASS, a large amount of information is
available, such as reliable experimental information on
point defect diffusion and extensive studies of the model-
ing of ion nitriding. For the present system of N implanted
into ASS, the diffusional formation of a highly metastable
supersaturated interstitial N solid solution at tempera-
tures around 673 K is well established [2—6]. However, it
was shown that the N diffusivity depends on the N ion flux
[7-10] for which no satisfactory explanation could be
given. In the present work, an experiment has been de-
signed to clearly establish the effect of ion bombard-
ment on deep diffusion. An interpretation is attempted
on the basis of ion irradiation created quasiparticles that
can propagate over long distances in the 3D lattice inter-
acting with the interstitial atoms and affecting their
mobility.

Three mm thick discs, 10 mm in diameter, were cut from
commercial ASS AISI 316L rods (Cr concentration ~18.5
at. %). Mechanical polishing produced a final roughness of
0.01 gm. Ar and N ion bombardment was performed using
a Kaufman-type ion source of 3 cm diameter. The ion
current density was measured using a Faraday cup.
Samples were heated in vacuum up to ~573 K using a
boron nitride heater and precleaned for 15 min using a
1 keV Ar" beam with a flux of 3.1 ionss~! cm 2. During
the precleaning stage the sample temperature 7 measured
by a thermocouple inserted through a hole in the side of the

0031-9007/06/96(6)/065901(4)$23.00

065901-1

PACS numbers: 66.30.Jt, 61.80.Jh, 63.20.Ry

sample reached the steady state at ~673 K. The Ar" beam
was then gradually changed to a pure N ion beam, resulting
in ion beam nitriding for 40 min with 1 keV N ions at
3.1 ionss~!cm™2. The base pressure was 3—4 X 10™* Pa,
rising to 1072 Pa during implantation.

In order to investigate the N diffusion under ion bom-
bardment, after nitriding the samples were immediately
(after ~1.5 min) irradiated by Ar™ at a constant tempera-
ture of 673 K. The Ar* energy was fixed at 700 eV while
the Ar" flux was different for each sample: 1.3 X 103,
2.5 X 10", and 3.8 X 10" ionss™'em™? (I,-I;, respec-
tively). T decreased by ~20 K while switching the ion
beam from N to Ar and reached a steady-state value of
673 K after ~4—5 min. The Ar* penetration depth calcu-
lated using SRIM 2003 [11] is ~1-2 nm. In view of signifi-
cant Ar" induced sputtering, the ion fluence was held
constant at 4.5 X 10'8 ionscm™? in order to produce the
same amount of sputtered material for all samples. Thus
the samples were bombarded during 60, 30, and 20 min for
1115, respectively. TRIDYN [12] simulations show that
Ar" bombardment of N containing ASS produces a N
depleted near-surface layer, while the sputtering yield of
matrix atoms approaches that of the non-nitrided steel.
Accordingly, a sputtered depth of ~0.55 um was mea-
sured for the above fluence using surface profilometry on a
non-nitrided sample.

X-ray diffraction revealed the modified layer structure to
be composed of only “expanded” austenite in both as-
nitrided and Ar* postirradiated samples, with no evidence
of nitride formation. Quantitative N depth profiles were
determined by nuclear reaction analysis (for details, see
Ref. [10]). Figures 1(a)—1(d) show the N depth profiles
without and with Ar* irradiation post-treatment. The N
profile of the as-nitrided sample can be depicted by an
initial quasilinear decrease changing to a sharp leading
edge at a depth of ~1 um. The N concentration at this
point is ~15 at. %, which is equal to the Cr concentration
taking into account the renormalization of the nominal
ASS concentrations due to the N addition. The shape of
the N depth profile is consistent with the trapping-

© 2006 The American Physical Society
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FIG. 1. Experimental (a)—(d) and calculated (e) (using the TD
model) N depth profiles in ASS. Experimental profiles corre-
spond to N depth distributions after ion beam nitriding (a) and
postnitriding irradiation using an Ar* beam with ion fluxes
1.3 X 10" (b), 2.5%X 10" (c), and 3.8 X 105 (d) ions s~! cm™2.
Calculated profiles (e) correspond to N depth distributions after
nitriding (curve 1) and subsequent N diffusion under simulta-
neous sputtering induced surface erosion for different diffusion
constants equal to 6.0, 3.0, and 1.5 X 107'2 cm?s™! (curves 2—
4, respectively). The as-nitrided profile was calculated for ¢t =
30 min assuming an N diffusion coefficient of D =
3.0 X 1072 cm?s™!, a detrapping energy 0.35 eV, a sputtering
induced surface recession velocity of Vg = 1.7 X 1078 cms™!,
and an incoming N flux of 4.84 X 10> cm™2s™! (according
to the distribution of atomic and molecular ions in the beam).
The Ar* post-treatment was simulated assuming Vg = 4.4 X
1078 cms™! and r = 15 min.

detrapping (TD) model [13], according to which the Cr
atoms trap mobile N atoms by forming a chemical bond.
This significantly slows down N diffusion in the regions
where the N concentration is below the Cr concentration,
resulting in the observed profile shape.

In the following, the depth profiles after Ar" postirra-
diation are understood in terms of a sputtering/diffusion
balance, where sputtering reduces the integrated N content
and the width of the profiles, whereas diffusion broadens
the profiles and thereby results in an increased integral N
amount. The N distribution profiles exhibit a plateau near
the surface followed by a slow decrease in N concentration.
The N plateau concentration is slightly dependent on Ar*
flux and increases from ~10 to ~12 at. % when the Ar*
flux increases from I; to I3, respectively. Additionally, the
N concentration falls below that of Cr, which indicates that
N is mainly in the trapped state. It can be seen that after
annealing with moderate Ar* bombardment, the profile
shape changes from the concave characteristic for the
leading edge of the as-nitrided sample to a convex charac-
teristics of postnitriding annealed samples [10]. When the
Art flux is doubled (diffusion time ¢ is half), the N
penetration depth decrease, which is consistent with con-
ventional diffusion. However, when the Ar* flux is tripled
in comparison to the lowest one (¢ is reduced by a factor
of 3) the N penetration depth is again higher and similar to
that obtained at the longest time, which clearly indicates an
additional influence of ion flux on the N transport.

The profile shape after Ar* post-treatment is qualita-
tively consistent with the TD model, as demonstrated in
Fig. 1(e) under the assumption of three different diffusion
coefficients D (for details of the calculation, see
Refs. [10,13]). It is confirmed that sputtering induces a
significant N loss, while diffusion results in flattening and
broadening of the depth profiles, with higher D yielding
higher N penetration depths and lower N near-surface
concentrations. Additional simulations show that doubling
(or tripling) V¢ and D while reducing ¢ by a factor of 2 (or
3) results in identical N depth profiles. In comparison to the
above, this indicates that the diffusivity increases by a
factor of about 3 when the Ar" flux increases from I, to
I; [see Figs. 1(b) and 1(d)]. Thus, although being unable to
account for the underlying mechanisms, the TD model
provides a quantitative estimate through the assumption
of a diffusion coefficient which depends on the ion flux.

This is consistent with previous findings that the N
diffusivity during ion nitriding of ASS increases with the
N ion flux [7,10]. This also underlines that the observed
phenomenon is related to ion irradiation but not to the
irradiating species. Also, the observed increase of the
nitriding depth with ion energy [7] indicates an
irradiation-induced enhancement of diffusion. Further evi-
dence of a yet unidentified transport mechanism has been
established for ion nitriding of ASS single crystals, which
showed a significant dependence of the nitriding depth on
the crystalline orientation [6] (see also Ref. [3]), although
the diffusion in a cubic material is expected to be isotropic.

Before tentatively proposing a mechanism of the ob-
served effect, we wish to discuss other processes which
would be consistent with present perception. Although
unlikely, an influence of the Ar™ ion flux on the sputtering
has been ruled out by demonstrating that identical N depth

065901-2
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profiles are obtained at temperatures between 373 and
473 K at identical fluence but different fluxes. Vacancy
or multivacancy mediated diffusion cannot explain the
observations as N diffusion has been found to be faster
than that of vacancylike defects during ion beam nitriding
of ASS [14]. Furthermore, the dynamic vacancy concen-
tration for the present experimental situation has been
calculated using simple diffusion theory [15] with the
vacancy diffusion constant given by Pokor et al. [16] and
a vacancy source distribution obtained from SRIM 2003.
Assuming a sink at the surface, an almost constant vacancy
concentration profile is obtained at the above time of
30 min and the corresponding flux, with a relative concen-
tration close to 1073 which is much smaller than the N
concentration. The diffusion of self-interstitials is much
faster [16], resulting in an even much lower concentration.
Furthermore, a significant self-diffusion would result in the
precipitation of CrN [2], which is not observed. Thus, any
influence of radiation-induced diffusion can be ruled out
with a high level of confidence. Stress-mediated or con-
centration dependent [17] diffusion would be in contra-
diction with the similar N depth distributions obtained at
different diffusion times for different N ion fluxes [10].
Any thermal acceleration of diffusion by the ion irradiation
can also be excluded. An assumed temperature increase of
10 K, which is far above the precision of the experimental
control, would increase the diffusion coefficient by a factor
of 1.4, which is significantly below the variation shown in
Fig. 1. Further, the calculation of the hemispherical ther-
mal spike induced by each ion shows a dissipation to a
transient heating of less than 1 mK already at a depth of
0.1 wm, so that any resulting effects can be excluded.
Diffusion of lower dimensionality (grain boundaries, dis-
locations) does not explain the present results either be-
cause the N distribution and defect concentration after
nitriding is similar for all samples. Thus, from conven-
tional pictures no diffusion acceleration can be expected.
Nevertheless, the process appears to be diffusionlike be-
cause of the good agreement between experimental and
calculated N depth profiles [10,13].

It is well known that if the energy transferred from the
ion/recoiled atom to the target atoms is not sufficient to
create a Frenkel pair (~30 eV), this energy is dissipated
into lattice vibrational excitations. If the transferred energy
is of the order of thermal energies (~0.01 eV), the atomic
displacement is in the range of linear restoring interatomic
forces, and the energy will be dissipated at short distances.
This type of lattice excitation cannot influence the atomic
diffusion far beyond the ion penetration depth. When the
transferred energy is in an intermediate region, atoms will
experience large displacements from their equilibrium po-
sitions, while remaining at their original lattice sites.
Propagation of the corresponding lattice vibrations may
be governed by nonlinear forces. As described in the
literature, this may result in the formation of a vibrational
particlelike soliton which can propagate distances well
beyond the dimensions of the collision cascade [18,19].

It was shown theoretically that the presence of the
surrounding lattice prevents the propagation of Toda-like
solitons [18] but allows breatherlike solitons [or so-called
discrete breathers (DB)] to propagate along atomic chains
[20]. According to molecular dynamic (MD) simulations,
DBs are highly anharmonic longitudinal vibrations, being
sharply localized on just a few sites in the longitudional
direction and practically across one atomic distance in the
transverse direction. Within this oscillation envelope the
particles execute antiphase or optical type oscillations [20].
The highly localized excitations on the atomic scale were
observed in a quasi-one-dimensional antiferromagnet [21]
and atomic lattices [22,23]. Additionally, MD simulations
show that giving an impulse, as when an atomic collision
takes place, to just one atom is enough to create the moving
DB [20]. Following this we speculate that DB’s might be
created by N or Ar ions during ion nitriding and in the
present experiment, leave the collision cascade region, and
move away from the surface and enhance diffusion at large
depths. It has been shown that vacancy migration can be
induced by a DB [24]. In analogy, we expect that a DB can
also accelerate the diffusion of interstitial atoms, in par-
ticular, as the activation energy of interstitial migration is
generally smaller than that of vacancy migration. Because
of the high amplitude antiphase vibration, diffusional
jumps of N atoms might be assisted by DB’s in their close
vicinity. In this picture, thermal vibrations and DB’s would
act synergistically. An independent athermal DB mecha-
nism would result in a constant additional profile broad-
ening at constant ion fluence, and, consequently, in a
continuous decrease of the profile width at increasing
flux which is in contrast to the findings of Fig. 1.
Therefore, one might tentatively write the diffusion coef-
ficient as

E al al
D = D, exp(— ﬁ) exp<ﬁ> = Dy, exp(k—) (1)

with the conventional thermal diffusion coefficient Dy,
given by the preexponential factor D, and the activation
energy E, and an enhancement term which depends ex-
ponentially on the ion flux /, « being a positive constant.

a=0.02

XN (a.u)

1 2 3 4 5 6 7 8 9 10
Ion flux (a. u.)

FIG. 2. N penetration depth Xy ~ /Dt as a function of surface
irradiating ion flux / for fixed ion fluence and different flux
susceptibility factors a (see text). Diffusion preexponential
factor D,, thermal activation energy FE, and T were
1073 cm?s™!, 1.1 eV, and 673 K, respectively.
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Equation (1) can also be interpreted as an effective coeffi-
cient of thermal diffusion, the activation energy of which
decreases linearly with the ion flux due to the lattice
distortions induced by DB’s. From Eq. (1), Fig. 2 presents
the mean diffusional depth X, as a function of [ for fixed
ion fluence (identical sputtered depth) and different «
values, assuming the simplest model of “free” N diffusion
(.e., Xy ~ \/Dr). Three regimes can be identified: (1) low
«a values—X), decreases when [ increases (ion enhance-
ment is too small as to compensate for shorter diffusion
times); (2) high « values—Xy increases when [ increases
(ion enhancement produces thicker layers despite lower 7);
(3) intermediate values—X, decreases, reaching a mini-
mum before increasing. According to this simplified pic-
ture, the above results should be related to the intermediate
regime.

It can presently only be speculated which implantation
conditions may favor the DB generation. They may result
from knock-on events which generate recoils with a direc-
tion close to low-indexed crystallographic directions, and a
transferred energy which is large compared to thermal
energies but smaller than the lattice binding energy of a
few eV. During the energy dissipation of the collision
cascade, such collisions will occur more frequently as the
nuclear stopping increases. For Ar™ bombardment of ASS,
nuclear stopping peaks at around 35 keV, so one may
anticipate an increase of the effect at higher energies, in
qualitative agreement with the increased nitriding depth at
increased ion energy [7] as mentioned above. On the other
hand, higher energies promote dynamic disorder in the
cascade, which may impede the launching of DBs. These
questions will be addressed in future experimental and MD
computer simulation studies.

In summary, it was observed that low energy (700 eV)
Ar? irradiation significantly increases the interstitial N
mobility in ASS at depths well beyond the ion penetration
depth. It manifests itself as the increased broadening of the
N depth profile as a function of Ar* flux. The observed
effect cannot be explained by any established mechanisms
of radiation-enhanced diffusion. Therefore, a possible
mechanism is proposed involving nonlinear vibrational
excitations such as discrete breathers, which might explain
the dependence of the diffusional depth on the ion flux and
on the crystalline direction in cubic crystals, which were
hitherto obscure. This mechanism may be more general
and applicable to other processes involving atomic mobil-
ity in ion-irradiated materials. The degree to which these
processes are influenced by ion bombardment may depend
on the type and energy of impinging energetic particles, the
composition and microstructure of irradiated material, and
the stability of the quasiparticles.
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Phase stability of epitaxially grown Ti,AIN thin films
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The phase stability of M,,;AX, phase (M: early transition metal, A: A-group element, and X: C
and/or N) Ti,AIN thin films reactively sputtered onto MgO(111) and Al,03(0001) substrates has
been investigated by in situ x-ray diffraction and Rutherford backscattering. High substrate
temperature deposition results in epitaxial Ti,AIN growth with basal planes parallel to the substrate
surface. In contrast to reported high thermal stability for bulk Ti-Al-N M, ,;AX, phases in air,
Ti,AIN thin films in vacuum decompose already at ~800 °C. The decomposition proceeds by
outward Al diffusion and evaporation, followed by detwinning of the as-formed Ti,N atomic layers
into cubic TiN, and intermediate phases. © 2006 American Institute of Physics.

[DOTI: 10.1063/1.2335681]

The M, AX, (n=1-3) phases are a family of nanolami-
nated compounds, where M is a transition metal, A an
A-group element, and X is nitrogen or carbon.! Their hexago-
nal crystal structure is constructed by repeatedly twinned
Ti,N,_; slabs, interleaved by A-group element layers. For the
Ti—Al-N system, Ti,AIN and Ti4AIN3 have been repor‘[ed.z’3
Here, the Ti,N slabs are isostructural with the rocksalt struc-
ture of TiN. Since the M—X bonds are of strong covalent-
ionic nature, bulk M, ;AX, phases exhibit typical ceramic
properties such as high melting points and good thermal
stabilities.* On the other hand, the M—A bonds are of metal-
lic weak nature. Therefore, M, ;AX,, phases also exhibit me-
tallic properties such as good electrical and thermal
conductivity.5 Under mechanical force effect, they deform by
kink band formation yielding high ductility and machinabil-
ity. Due to this unique combination of properties, potential
applications for M, ;AX, phases are numerous. M, AX,
thin film synthesis has earliest been reported in the Ti—Si—C
system using dc magnetron sputtering by Seppénen et al. and
Palmquist et al.®” Results on deposition of other Ti—A-C
phase thin films followed.®® Nitride M, AN, phases are
more difficult to obtain by sputter deposition, since the nitro-
gen has to be introduced via the gas phase within a narrow
process window. Hence, only recently the deposition of
Ti,AIN thin films by reactive sputtering was demonstrated,
using either a compound 2Ti:Al target or elemental Ti and Al
targets in a dual magnetron reactive process.m’ll

In the present study, we used two 1 in. diameter Ti and
Al magnetrons to grow Ti,AIN onto polished MgO(111) and
Al,04(0001) substrates of 10X 10X 0.5 mm® size, which
were thermally cleaned at ~675 °C for 1 h prior to deposi-
tion. The temperature was measured by a K-type thermo-
couple clamped onto the substrate surface and confirmed by
pyrometry above 400 °C within £25 °C, which is regarded
as the experimental error of the temperature measurement.
The base pressure at the deposition temperature of 675 °C
was ~8 X 107 Pa. An initial cubic (Tiy Al 37)N seed layer
was deposited at 0.35 Pa, with Ar and N, flow rates of 2.76
and 1.38 SCCM (SCCM denotes cubic centimeter per

YPresent address: Thin Film Division of Physics Department (IFM),
Linkdping University, 58183 Linkoping, Sweden; FAX: +46(13)13-75-68;
electronic mail: manbe @ifm.liu.se
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minute at STP), and Ti and Al magnetron powers set to 60
and 20 W, respectively.12 For subsequent Ti, AIN growth, the
pressure was increased to 0.8 Pa at Ar and N, flow rates of
7.94 and 0.48 SCCM and the Ti and Al magnetron powers
changed to 80 and 26 W, respectively, as established in pre-
vious work.'" The entire deposition chamber is mounted into
the goniometer of the ROBL beamline (BM20) at the Euro-
pean Synchrotron Radiation Facility (ESRF) and equipped
with beryllium x-ray windows."* This setup was employed
for in situ x-ray diffraction during growth and postdeposition
annealing using monochromatic synchrotron radiation set to
0.961 A. The film composition as well as diffusion profiles
after annealing were obtained by ex situ Rutherford back-
scattering spectroscopy (RBS) using a 1.7 MeV He* beam.

Figure 1 shows in situ large angle x-ray diffraction
(XRD) data taken in Bragg-Brentano geometry after deposi-
tion of Ti,AIN at 675 °C onto MgO(111) and Al,05(0001),
recorded as offset coupled scans locked to Ti,AIN(0002).
(Ti,_,AL)N and MgO exhibit perfect cube-on-cube epitaxial
relationship, hence the seed layer (Tigg3Aly37)N(111) peak
overlaps with the substrate. For Al,O;, this peak is detect-
able, with distinct Laue oscillations indicating very smooth
epitaxial (Tig3Aly37)N growth up to its final thickness of
~80 A as derived from x-ray reflectometry. The asymmetric
intensity distribution can be attributed to small residual com-
pressive stress. After a subsequent deposition of 500 A
Ti,AIN these oscillations diminish, indicating interfacial re-
actions between Ti,AIN and (Tiyg3Aly37)N as recently
reported.11 For both substrate materials, predominantly
Ti,AIN(000¢) plane peaks were observed, as expected from
the typical parallel basal plane epitaxial M,,;AX, phase
growth at high temperatures.6_1

Figure 2 shows in situ XRD data of the Ti,AIN films
taken directly after deposition and after annealing at 800 °C.
Here, minor traces of TizAlN(101_4) are discernible, since
the scans were done offset locked to this peak. Time-
dependent data in a narrower angular range were acquired
for intermediate temperatures, with approximately 5 min
scanning time for each temperature. For the MgO(111) sub-
strate, as displayed in Fig. 2(a), the offset coupled scans
locked to Ti,AIN(1014) reveal a Ti,AIN decomposition
starting at around 750 °C, while 1 h annealing at 800 °C

© 2006 American Institute of Physics
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FIG. 1. (Color online) In situ XRD patterns recorded after deposition of an
80 A (Tiy ¢3Aly37)N seed layer and a subsequent 500 A thick Ti,AIN layer
at a sample surface temperature of approximately 675 °C, (a) on a
MgO(111) substrate and (b) on an Al,05(0001) substrate.

results in an almost complete decomposition of Ti,AIN. This
is depicted by a factor of 20 intensity loss of Ti,AIN(0002)
and the drowning of the Ti,AIN(0006) signal in the back-
ground. Concurrently, a peak with d=4.80 A lattice spacing
arises, which can be attributed to (Mg—Al-Ti)O4(111), as-
suming a ternary (Mg—Al-Ti)O, spinel formation by topo-
taxial solid-state reaction.'* The corresponding lattice con-
stant of ay=8.31 A is close to the literature value of
Mg, TiO, (ag=8.474 A)."* Figure 3(a) shows the correspond-
ing RBS spectrum of the annealed film. The Al concentration
lies considerably below 25%, and the poor single layer fit
quality shows that Ti and Al inward as well as Mg outward
diffusion have to be considered. Hence, MgO(111) interfacial
spinel formation according to

4MgO + Ti — Mg,TiO, + 2Mg
and

4MgO + 2Al — MgAl,0, + 3Mg (1)

takes place. The XRD data of Fig. 2(b) indicate different
behaviors for Ti,AIN deposited onto the Al,O; substrate.
After  annealing, the Laue oscillations around
(Tig¢3Aly37)N(111) vanish completely, again indicating pit-
ting by the Ti,AIN phase. Simultaneously, the peak shifts to
lower angles, i.e., larger lattice constants, and increases in
intensity by a factor of 3. Concurrent with the Ti,AIN(0002)
decay, the growth of a nanogranular material is indicated by
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FIG. 2. (Color online) In situ XRD patterns recorded during annealing of a
500 A Ti,AIN film deposited onto MgO(111) (a) and A1,0,4(0001) (b). Data
were taken after deposition at 675 °C (M) and after annealing at 800 °C for
about 1 h (O). Additionally, intermediate time-dependent data were re-
corded in a reduced angular range (lines) with rising temperature indicated
by the arrows.

a broad peak with a lattice spacing around d=5.93 A. The
corresponding RBS spectrum is shown in Fig. 3(b). It should
be noted that an 800 A top layer with composition
Tig51Alp 12N 37 deposited after the annealing is included in
the spectrum, but of no significance for the present discus-
sion. Assuming bulk Ti,AIN atomic density, an almost com-
plete depletion of Al for the initial 500 A thick Ti,AIN layer
is deduced. Since Al inward diffusion in view of the low Al
solubility in Al,O; (Ref. 15) is very improbable, we con-
clude on outward diffusion of the weakly bonded Al out of
the Ti,AIN film with subsequent evaporation according to

Ti, AIN — Ti,N + Alf. (2)

The assumption of Al evaporation is corroborated by a bulk
Al vapor pressure of 2.7 X 107 Pa at 800 °C, exceeding the
base pressure during annealing and likely to occur also for
the MgO substrate, concurrent to the spinel formation. A
successive detwinning of the as-formed remaining Ti,N
slabs leads to substoichiometric cubic TiNX,l explaining both
the increased intensity as well as the shift of the initial seed
layer (Tiy ¢3Aly37)N(111) XRD peak, as seen in Fig. 2(b). An
intermediate state consisting of a superstructure built by re-
peatedly twinned Ti,N slabs with a shrunk unit cell com-
pared to stoichiometric Ti,AIN should give rise to a peak at
higher scattering angles, in consistence with the peak ob-
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FIG. 3. (Color online) Ex situ RBS spectra obtained after annealing. The
dashed line indicates the expected Al signal for stoichiometric Ti,AIN. (a)
Ti,AIN deposited onto MgO(111). The arrows indicate signatures of out-
ward Mg and inward Ti diffusions. (b) Ti,AIN deposited onto Al,O3. The
top layer with stoichiometry Tij 5;Alj 15N 37 stems from an additionally de-
posited layer deposited after annealing.

served in Fig. 2(b). Additionally, a fractional loss of every
second Al layer according to

2Ti,AIN — Ti,AIN, + Al 3)

with subsequent detwinning, instead would lead to the for-
mation of a vacancy-afflicted Ti4,AIN; M, ,AX, phase with
an accompanying observation of the Ti;AIN;(0004) peak.
However, the large width of the peak indicates the small
vertical domain size of both structures proposed above.

In seemingly striking contrast to the present results, bulk
T-Al-N M, ,AX, phases are stable up to 1500 °C in Ar'®
Recent results on thin film Ti;SiC, in vacuum also showed
decom7position at lower temperature values compared to
bulk.'” This can be attributed to the average diffusion dis-
tances to the surfaces and, hence, also the characteristic
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times of outdiffusion being orders of magnitude larger for
bulk material. In addition, A element atoms would accumu-
late at grain boundaries, hence for annealing in Ar or air,
without the possibility of evaporation, local concentration
gradients and thereby diffusion fluxes would be strongly re-
duced.

In summary, a small temperature rise of only ~125 °C
above deposition temperature induces decomposition of epi-
taxially grown Ti,AIN thin films by Al depletion. Depending
on the reactivity of the surroundings, Al diffusion may result
in compound formation through interface reactions and/or
evaporation into the vacuum. The decomposition tempera-
ture is far below that reported for bulk material. Future stud-
ies involving diffusion barrier concepts will be directed to-
wards the suppression of the decomposition which might be
essential for potential applications of M, ;AX, phase thin
films.

The authors gratefully acknowledge financial support by
the Deutsche Forschungsgemeinschaft under Contract No.
SCHE 682.
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A method of annealing thin films of indium tin oxide in vacuum is proposed using a direct electric
current flow through the film. During annealing at a constant electric power, the film resistance, free
electron density, and structure evolution were monitored in situ. In comparison with the
conventional isothermal annealing, the current annealing is more efficient providing a noticeable
reduction in the thermal budget and a decrease in the kinetic exponent of crystallization. Electrical
inhomogeneities in the film, which produce locally overheated regions, are discussed as a possible
reason for the acceleration of the crystallization process. © 2006 American Institute of Physics.

[DOTI: 10.1063/1.2335808]

Thin films of indium tin oxide are widely used in opto-
electronic devices due to their transparency in the visible
range and low electrical resistivity. The desired properties of
films being produced by reactive magnetron sputtering can
be achieved by either deposition at elevated substrate
temperature1 or postdeposition annealing of films grown at
room temperature (RT).> Technological applications of in-
dium tin oxide (ITO) often require patterning of the film.*
For this purpose, postdeposition annealing is preferable be-
cause deposition at RT usually results in an amorphous film,
which has a considerably higher etching rate compared with
crystalline material.” Local ordering of the amorphous phase
at the beginning of annealing, and subsequent film crystalli-
zation are known to result in a decrease of the resistance.’
Oxygen vacancy generation and tin donor activation are be-
lieved to increase the carrier concentration during these
processes.*’

Traditionally, thermal heating has only been used for the
annealing of transparent conductive oxides (TCO’s). As an
alternative, treatment by electric current is a relatively well
studied process for amorphous metallic alloys&9 but has
never been experimentally applied to TCO thin films. This
method offers a number of technical advantages: (i) no ex-
ternal heater is required and (ii) the Joule heat is released
directly in the film, which reduces both the heat load to the
surrounding components and the generation of impurities.
Therefore, the aim of this letter is to study the annealing of
thin ITO films by passing an electric current flow through
them.

The films were deposited by reactive middle frequency
pulsed magnetron sputtering at a base pressure of 8.6
X 10™*Pa and process partial pressures of 1.2 and 3
% 107! Pa for Ar and O,, respectively. Two 2 in. magnetrons
equipped with high purity (99.99%) In 90%-Sn 10% alloy
targets were operated in parallel as described elsewhere.'’
(100)-oriented Si samples (24X 12.5X0.3 mm?) having a
1 um thermal SiO, film were used in the experiments. Two
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a.rogozin@fz-rossendorf.de
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aluminum electrodes (12X 2 mm? and 1 wm thick) were de-
posited in the form of stripes along the sample edges on top
of the SiO, layer. During ITO growth, a 12X 1.5 mm? area
of each stripe was shielded from the deposition flow so that
the open parts could form electrical contacts with the film.
The thickness of the deposited ITO films, as determined by
spectroscopic ellipsometry (SE), was in the range of
170—180 nm. As-deposited films were amorphous, as con-
firmed by x-ray diffraction (XRD) and cross sectional trans-
mission electron microscopy (XTEM).

The sample to be annealed was placed on a ceramic
frame and two elastic cylindrical electrodes (1.5 mm in di-
ameter) made of thin (0.05 mm) stainless steel foil were
pressed on the uncovered area of the aluminum electrodes so
that only the ends of the sample were in thermal contact with
the holder. Since the annealing may strongly decrease film
resistivity, a special dc power supply was designed to pro-
vide constant electric power at variable film resistance. The
power was raised from zero to the predetermined constant
level within 1 s after the start of annealing. The value of the
power and the potential drop measured on the sample was
used to determine the real-time behavior of the film resistiv-
ity with known film dimensions. During annealing the re-
sidual gas pressure was 1X 107 Pa. The temperature was
measured with a miniature (0.2 mm in diameter) K-type ther-
mocouple and, therefore, the heat conducted away through it
was negligibly small compared with the electric power dis-
sipated within the film. Since the sample by its opposite ends
was in thermal contact with the ceramic sample holder, one
would expect the temperature maximum to occur in the
middle of the sample. Accordingly, it was this part of the
sample where local measurements of the structure and tem-
perature were performed, thus ruling out the influence of any
temperature gradients. The thermocouple was in thermal
contact with the sample back being firmly attached to the
latter by means of a heat conductive paste. Under this mount-
ing configuration, the temperature difference between the
film that was heated by the electric current, and the back of
the 0.3 mm thick Si substrate could not exceed a fraction of
a degree. Estimates show that the characteristic time taken
for heat to diffuse from the front to the back surface of a
sample until thermal equilibrium is established is on the or-

© 2006 American Institute of Physics
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FIG. 1. Evolution of the film properties during annealing by direct electric
current at different constant heating powers: (a) film temperature and nor-
malized XRD peak integral intensity; (b) film resistivity and free electron
density (the latter at 1.5 W only).

der of 107* s, whereas the crystallization process lasts for a
few up to tens of minutes depending on the power released
by the current in the film. Thus, the film temperature and
resistivity could be determined simultaneously with a time
resolution of 10 s. For comparison, a set of samples was
isothermally annealed using a boralectric heater to compare
the kinetics of the amorphous-to-crystalline transformation
processes.

During isothermal annealing, the sample back was first
covered with a heat conductive paste and then firmly pressed
onto a ceramic plate, which in turn was placed on a boralec-
tric heater. The thermocouple was inserted through a narrow
(1 mm) slit in the ceramic plate and was in proper thermal
contact (again using a heat conductive paste) with the middle
part of the sample’s back surface.

In this case, the film resistivity was measured in situ by
a four point probe technique. In a separate experiment, a
spectroscopic rotating compensator ellipsometer (M-2000,
J.A. Woollam Co., Inc.) was used for monitoring in situ the
ellipsometric film parameters.10 The data were evaluated us-
ing a model'" which allows for variation of the optical con-
stants with depth. The free electron density, Np,, was ob-
tained using the Drude-Lorentz parametrization of the film
optical constants. Further annealing studies were performed
using an in situ X-ray diffractometer'” at the European Syn-
chrotron Radiation Facility. The evolution of the film struc-
ture was investigated in real time by XRD in Bragg-Brentano
geometry using a multichannel position sensitive detector.
Due to the high intensity of the x-ray beam produced by the
synchrotron, the acquisition time for a single scan did not
exceed 1 min. The integral intensity of the In,O5 (222) peak,
I(222), was used for further analysis. Denoting the integrated
intensity at complete crystallization by (55, the time de-
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FIG. 2. Arrhenius plots of the amorphous-to-crystalline transformation rate
for isothermal and electric current annealing, together with linear fits yield-
ing the corresponding energies of activation, E,.

pendence of the normalized intensity, /(57)/I¢(222) Was taken
as a measure of the degree of crystallization, f. This was
analyzed using the Kolmogorov-Johnson-Mehl-Avrami
equation,]3 f=1-—exp(Kr"), where K is a temperature depen-
dent constant related to the nucleation and growth rates of
the crystalline phase and »n is the kinetic exponent.

The time dependences of the sample temperature, film
resistivity, and normalized integral intensity for different val-
ues of the annealing power and free electron density for a
power of 1.5 W are shown in Fig. 1. After an initial rapid
ramp-up, the sample temperature reaches saturation as a re-
sult of thermal equilibrium being established between the
sample and the holder. The resistivity decreases in two
stages. During the first stage the sample remains amorphous
as can be inferred from the comparison of Figs. 1(a) and
1(b). The outset of the second stage coincides with the outset
of film crystallization for different electric powers. The final
resistivity remains approximately the same irrespective of
the power. Increasing the power leads to an increase in the
sample temperature, accelerates the outset of film crystalli-
zation, and reduces the total time of the amorphous-to-
crystalline transition. The time dependence of the normalized
integral intensity exhibits an s-like shape, which is typical of
the crystallization process.

During the first stage, the film resistivity drops signifi-
cantly, while spectroscopic ellipsometry shows only a slight
increase in the free electron density. This may be explained
by an increase in the free electron mobility as a result of
amorphous film relaxation. After the crystallization outset,
which coincides with the beginning of the second stage of
resistivity decrease, Np, grows much faster. However, even
in this case the resistivity decreases faster (by a factor of 4.8)
than Np, increases (by a factor of 2). Therefore, one may
assume that the free electron mobility is increased by a factor
of about 2.4 due to crystallization.

Conventional thermal annealing also reveals a two-stage
behavior. However, at a similar film temperature the crystal-
lization starts later and progresses slower than for electric
current annealing. In the latter case, the same rate of crystal-
lization is obtained at a lower sample temperature. Figure 2
shows Arrhenius plots of the amorphous-to-crystalline tran-
sition rate for both annealing modes. The deduced activation
energy of crystallization during isothermal annealing
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FIG. 3. Kolmogorov-Johnson-Mehl-Avrami plots of the degree of crystalli-
zation, f, vs annealing time: (a) during isothermal annealing at different
temperatures and (b) annealing by electric current at different electric pow-
ers. The linear fits result in the indicated kinetic exponents, 7.

amounts to 1.44+0.18 eV, which agrees within the accuracy
limits with the value of 1.3+0.2 eV reported by Paine et al.®
In the case of annealing by electric current, the activation
energy is significantly reduced being 0.81+0.09 eV.

Since any ballistic atomic transport due to the electron
flow can be ruled out given the low electric fields being
involved, an explanation of the observed phenomenon is not
readily available. However, we speculate that it is associated
with inhomogeneous physical properties across the film
depth. In spite of the fact that the initial film is amorphous,
XTEM results show that the morphology varies with film
thickness. A thin (~20-25 nm) homogeneous zone at the
film-substrate interface turns gradually into a pronounced co-
lumnar structure with sharp intercolumnar boundaries
through the film, which is typical of reactive magnetron
deposition.lo’14 Complementary analyses by elastic recoil de-
tection reveal that the films also exhibit a thickness-
dependent stoichiometry with the oxygen content decreasing
from 5.4X102cm™ at the substrate region to 4.2
X 10?% cm™ at the film surface. Additionally, SE data show a
noticeable increase in the film refractive index from 1.88 at
the ITO/substrate interface to 2.04 at the film surface.'” Con-
sequently, it may be assumed that the electrical resistivity is
also graded across the film thickness. Then, the region of the
film with the lowest resistivity may be selectively overheated
so that the crystallization may start there and proceed toward
the still colder regions of the film. The crystallization is ac-
companied by Sn donor activation”'® which would further
promote the local overheating. Thus, compared with the ther-
mal annealing, the outset of crystallization may occur at a
lower average temperature of the film bringing about an ef-
fectively lower activation energy, as shown in Fig. 2.

Figure 3 shows selected crystallization data sets plotted
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on a log-log scale according to the Kolmogorov-Johnson-
Mehl-Avrami equation (see above), with corresponding lin-
ear fit functions —In(1—f) versus time. For isothermal an-
nealing at different temperatures ranging from
210 to 240 °C, a kinetic exponent 1.9<<n< 2.7 is obtained.
In contrast, the exponent is in the range of 1.1 <n<1.8 for
annealing by electric current at heating powers between 1.25
and 2 W. The kinetic exponent # is indicative of the mecha-
nisms of the amorphous-to-crystalline transition and/or its
dimensionality.13 Two well-defined modes of the crystalliza-
tion process are described in the literature: (i) site saturated
mode when all nuclei are present and begin to grow with the
outset of transition and (ii) continuous nucleation when new
nuclei appear during transition. The range of n obtained from
thermal annealing points toward two-dimensional growth in
the site saturated mode.'® Assuming the same growth mode
also for electric current annealing, the lowered kinetic expo-
nent suggests a reduced dimensionality.

In summary, an annealing method using direct electric
current at constant power has been developed for the purpose
of increasing the conductivity of ITO films. Similarly to the
case of thermal annealing, a two-stage decrease in the film
resistivity is observed, with the crystallization starting at a
significantly lower temperature and proceeding at a faster
rate. As an explanation, electrical inhomogeneity of the films
is believed to result in a locally overheated depth region. Due
to the lowered activation energy, annealing by electric cur-
rent is expected to be advantageous, in particular, for ITO
films grown on thermally sensitive substrates such as
polymers.
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Real time spectroscopic ellipsometry of nanoparticle growth
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The use of real time spectroscopic ellipsometry to study silver nanoparticle formation in a
polystyrene matrix by temperature induced reduction of silver hexafluoroacetylacetonate is reported.
The optical properties of the composite are modeled using Mie theory with a modified electron
relaxation frequency in silver to account for particle size effects. By measuring the final particle
sizes from electron microscopy, the size of the particles during growth can be inferred above a
radius of 2.3 nm. Below this radius the model is limited by quantum effects. © 2006 American

Institute of Physics. [DOIL: 10.1063/1.2206870]

Noble metal nanoparticles exhibit strong plasmon polar-
iton resonances, a feature that is increasingly utilized in bio-
sensor and optoelectronic applications.l It has been shown
that it is experimentally possible to relate the broadening of
the plasmon resonance with the average size of the nanopar-
ticles by assuming that the dominant contribution to the
broadening arises from electron scattering at the particle
boundary.2 By determining the particle diameters from elec-
tron micrographs the broadening can be scaled to provide a
method of determining the size of the nanoparticle from the
optical absorption. Recent advances in spectroscopic ellip-
sometry (SE) hardware and software make it possible to
record in real time changes in optical properties of thin films
and overlayers, making it ideal for the study of ultrathin
polymer metal nanoparticle composites. SE has been used to
determine the size and concentration of embedded copper
and gold nanoparticles.3’4 We recently reported the use of
real time in situ spectroscopic ellipsometry to study the
growth of silver nanoparticles on SiO, by magnetron sput-
tering of silver.” The present work examines in real time the
growth of silver nanoparticles in a polymer matrix using
spectroscopic ellipsometry.

For this study, 0.12 ml of 1,1,1,5,5,5-
hexafluoroacetylacetonate (hfac) (Sigma Aldrich) was mixed
with a suspension of 0.15 g of Ag,O (Sigma Aldrich) in
15 ml of toluene (Sigma Aldrich), producing a complex of
Ag(hfac)(toluene)z.6 0.3 ml of this solution was then mixed
with 1 ml of 1% polystyrene (BASF) in toluene. Polystyrene
films (ca. 50 nm thick) containing 3% (w/w) of silver in the
form of Ag(hfac) were formed on silicon wafers by spin
coating at 3000 rpm for 1 min. After drying the samples
were placed on a boralectric heater with an attached thermo-
couple. This arrangement was aligned in the beam of a
J.A.-Woollam M2000 rotating-compensator spectroscopic
ellipsometer7 at 75° incident angle with a spectral range from
1.3 to 3.3 eV. Spectroscopic data (399 wavelengths) were
collected every 5.4 s as the sample was heated to 250 °C.

In the first 3 min of heating the Ag(hfac) decomposed
around 120 °C with a concomitant formation of silver nano-
particles. Further heating began to melt the polymer around
180° followed by evaporation above 220°. After 30 min
there was an abrupt change in the ellipsometric parameters

YElectronic mail: t.oates @fz-rossendorf.de
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indicating the complete evaporation of the polymer, leaving
exposed silver nanoparticles on the silicon surface. While the
literature values for the glass transition temperature and
melting point of polystyrene are 100° and 240°, respectively,
in ultrathin films these values are dependent on the film
thickness and substrate surface energy.8 The exposed par-
ticles were imaged with scanning electron microscopy
(SEM) to determine the particle size distribution. For trans-
mission electron microscopy (TEM) analysis a second
sample was prepared with a TEM grid on the silicon surface.
The heating was stopped at 140 °C, leaving the particles
embedded in the polymer.

Figure 1(a) shows a TEM image of a typical nanoparticle
in the polymer film. Approximately spherical and 15 nm in
diameter, the particle consists of a single fcc crystallite with
a lattice constant of 0.409 nm. The majority of particles were
observed to consist of a single crystallite. For the ellipsomet-
ric analysis presented below we assume that the particles are
single crystals and that electron scattering is dominated by
collisions with the particle boundaries. Figure 1(b) shows a
SEM image of the nanoparticles on the silicon surface, while
1(c) is a size histogram of 501 particles, showing an average
particle diameter of 14.8 (£0.1) nm with a standard deviation

FIG. 1. (a) TEM image of a silver nanoparticle embedded in polystyrene
matrix. The particle is an approximately spherical single crystal of radius
7.5 nm; (b) SEM image of exposed nanoparticles following the complete
evaporation of the polymer matrix. (c) Particle sizes measured from the
SEM image.

© 2006 American Institute of Physics
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FIG. 2. (a) Measured ellipsometric parameters ¥ and A (open circles) at
time=5 min and generated fits (solid lines) from the Maxwell-Garnett EMA
using a Drude model for silver with modified electron relaxation frequency:
(b) Generated dielectric constants for the composite film showing the plas-
mon polariton absorption at 3.0 eV.

of 7.5 nm. The histogram shows a Gaussian distribution
around 10 nm with an extended tail which suggests that
some of the particle may have combined during the polymer
evaporation phase, forming larger particles and increasing
the average size. X-ray diffraction (XRD) was employed us-
ing the Scherrer equation on the Ag(111) peak, supporting
the SEM data with an average crystal size of 14.1 nm.

The ellipsometric data are fitted using the Maxwell-
Garnett effective medium approximation9 (MG-EMA) which
is the limiting case for Mie resonances when the particles are
small compared to the wavelength of light (ca. R<<10 nm)
(i.e., only the dipolar plasmon resonance is considered).” A
parametric nonabsorbing two-parameter Cauchy model was
used for the polymer matrix. For the first 10 min the Cauchy
parameters remained within the range of a pure polymer film
subjected to the same heat treatment (2.35<<g;<<2.9) until
the polymer began to melt and finally evaporate. Silver op-
tical constants were modeled using the Drude free-electron
equationlo

w2

glw)=8.— 52—, (1)
o —-il'w
where w, is the bulk plasma frequency, I" is the free-electron
relaxation frequency, and &, is the contribution from inter-
band transitions. For particles smaller than the mean free
path of electrons in the bulk, I is inversely proportional to R
and can be described by]1

A
r=r3+?f’f, )

where I'y is the bulk free-electron relaxation frequency, vy is
the Fermi velocity for silver (1.39X 108 cm/s), and A is a
constant of proportionality which must be determined by
comparison with microstructural analysis. The parameters
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FIG. 3. (a) Film thickness and silver content of the composite film during
heating: (b) Inverse of the relaxation frequency and nanoparticle radius cal-
culated by scaling the relaxation frequency with the final value of particle
radius determined from microscopy. For particles smaller than 2.3 nm the
model is unable to predict the radius due to quantum size effects.

&, w,, and I'g for silver were determined by fitting Eq. (1)
to the data from Johnson and Christy]2 (4.124, 9.22, and
0.022 eV, respectively).

To determine the value of A, the ellipsometric data at the
5 min point were fitted with the above model using five fit-
ting parameters: film thickness, percentage content of silver,
I', and the two Cauchy parameters. A film thickness of
38 nm and a silver content of 1.8% were obtained with
I'=0.39 eV. Figure 2(a) shows the agreement between the
experimental and generated data (including the silicon sub-
strate). Figure 2(b) shows the dielectric constants of the com-
posite film from the fitted data with the prominent plasmon
polariton absorption at 3.0 eV. I" and R (from the SEM im-
age) are now used in Eq. (2) to give A=0.47. Since A is a
matrix dependent parameter it can only be compared quali-
tatively with literature values. Reviews can be found in Refs.
13 and 14, giving theoretical values from 0.29 to 1, while
experimental values from 0.15 to 3.6 have been
reported.3’13’15

Real time data were fitted using the above model for the
first 10 min of heating. After this, large variations in the
polymer optical properties due to evaporation complicated
the modeling. The thickness and silver fraction of the film up
to 10 min are shown in Fig. 3(a). Initially the film thickness
increases marginally due to thermal expansion before a re-
duction in film thickness during the nanoparticle formation,
explained by the outgassing of volatile components of the
organometallic precursor. Figure 3(b) shows I'"! and the par-
ticle radius determined using the predetermined value for A.
The main point of interest is that the particle size is observed
to increase after 1.5 min from a radius of 2.3 nm to a value
of 7.4 nm before reducing slightly due to heating effects to
6.4 nm. Heating effects manifest as an increase in electron-
phonon scattering in the particles, thus increasing I'p in (2),
with the effect of reducing the calculated value of R. Heating
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effects are expected to influence the values of particle radius
by only a few percent during the particle formation. The
change in I" as the composite film was cooled from 140° to
room temperature was 0.01 eV or 2%.

The inability of the model to provide a reasonable esti-
mate for the particle size below 2 nm is primarily due to
particle size effects influencing the conduction band in the
particle. Doremus and Rao have shown that for gold particles
of R<2 nm the plasmon band begins to spread out and is
completely invisible in particles of 0.5 nm in radius (ca. 31
atoms).16 The influence of a shift in the interband transitions,
considered for a similar system by See et al.,' is also ex-
pected to play a minor role. It has been shown that for gold
particles smaller than ca. 2 nm the interband transitions de-
viate from those in the bulk.'® Although the model requires
further complexity to follow the growth of smaller particles,
it is interesting to note that the values of film thickness and
silver content remain reasonable in the early stages.

To conclude, a method is introduced to determine the
size of nanoparticles in real time for particles in the size
range of 2.3—10 nm in radius. The method opens possibili-
ties to study the kinetics of particle formation. Refinement of
the particle size determination from electron micrographs
and XRD would be advantageous to further define the value
of A. This would also be aided by a narrower particle size
distribution.
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Control of saturation magnetization, anisotropy, and damping due to Ni

implantation in thin NigiFe,q layers
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The layer magnetization, the saturation magnetization as well as the magnetic anisotropy, and
damping behavior of 20 nm thick Nig;Fe,q films have been modified by 30 keV Ni ion implantation
with fluences up to 1 X 10'® Ni/cm? (=5 at. %). With increasing ion fluence a magnetic dead layer
of increasing thickness is formed which leads to a reduction of the total magnetization. In addition,
the saturation magnetization of the residual ferromagnetic film decreases due to, both, a shift in
stoichiometry and radiation damage. Accordingly a reduction of the magnetic anisotropy and a
strong enhancement of the magnetic damping parameter are observed. Moreover, ion implantation
in an applied magnetic field allows the setting of the uniaxial anisotropy direction irrespective of its
original orientation. Static and dynamic magnetic properties of Nig;Fe o films can be tailored over
a wide range after film deposition. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2213948]

The magnetic anisotropy and the magnetization damping
behavior of thin magnetic films and elements are of great
importance due to their application in magnetic storage me-
dia, memory cells, and read/write heads.! In order to achieve
ultrafast data rates the magnetization reversal process has to
be controlled to a maximum degree.z’3 This technological
demand has also led to a revival in the research of funda-
mental aspects of magnetic properties as anisotropy and satu-
ration magnetization, which are related to the ferromagnetic
precessional frequency and, even more important, the modi-
fication of the effective damping parameter.4

The high speed magnetization reversal is governed by
the saturation magnetization M|, the effective magnetic an-
isotropy K., and the damping parameter « of the structures.
All these material parameters enter the Landau-Lifshitz
equation,

1 oM A
;E == [M X Heff] - ‘y[l;z[M X (M X Heff)]’
S

which is commonly used for the simulation of high speed
switching processes.z’3 Here, y is the gyromagnetic ratio,
H =H,,,+H, is the effective field (consisting of the ap-
plied field H,,, and the anisotropy field Hy), and A,
=ay(4mM,) is the magnetic relaxation rate. Various doping
elements have been demonstrated to affect the magnetic
properties of thin ferromagnetic films; i.e., Cr (Ref. 5) and Ta
(Ref. 6) lead to a reduction of saturation magnetization, rare
earth transition metal doping either enhances the magnetic
damping7_9 or modifies the ferromagnetic resonance
frequency.8 In general doping has been performed by cosput-
tering of the doping element. Only in the case of Cr (Ref. 5)
ion implantation doping has been used. The large benefit of
ion implantation relies on the fact that a focused ion beam
(FIB) implantation can be used for a doping in laterally con-
fined areas and thus a pure magnetic patteming.lo’12 How-
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ever, in most FIB systems only Ga sources are available."
The observed effects can be explained by a combination of
Ga ion incorporation and their energy impact. Only one pub-
lication reports on the modification of magnetic properties by
means of focused ion beams circumventing Ga by the use of
Co." Making use of the energy impact only, noble gas ion
irradiation in an applied field has been demonstrated to be
capable of setting the magnetic anisotropy direction.'>°

In this letter we report on the tailoring of the effective
magnetic layer thickness, the saturation magnetization, the
magnetic anisotropy, and damping parameter by means of Ni
implantation in thin NigFe ¢ layers after film deposition. In
addition to ion induced changes in film thickness, interfacial
mixing with accompanying magnetic dead layer formation
and a shift in stoichiometry of the Nig,Fe o film, the observed
change in magnetic properties is due to the energy impact
associated with the ion implantation.17

The initial thin film samples have been prepared by mag-
netron sputter deposition on a 6 in. SiO,/Si substrate. 20 nm
Nig;Fe o has been deposited on top of a 5 nm Ta buffer layer
in an applied magnetic field in order to set the uniaxial mag-
netic anisotropy direction. In order to reduce the number of
interfaces and thus avoid additional intermixing, no cap layer
has been used. After deposition the structure was protected
from corrosion by a thin photoresist layer. The samples have
been implanted at room temperature with 30 keV Ni ions in
the fluence regime up to 1 10'% Ni/cm? in an applied mag-
netic field of 1500 Oe, which is sufficient to saturate the
magnetization, oriented either along the initially easy or
hard-axis direction. According to TRIDYN simulations'® the
mean projected range of the Ni ions is r,=8.5 nm, i.e., the Ni
ions are implanted in the center of the Nig;Fe o film.

In Figs. 1(a) and 1(b) the in-plane easy- and hard-axis
magnetization reversal curves are shown for a set of different
implantation fluences. With increasing ion fluence the mag-
nitude of the Kerr rotation decreases. Comparing these re-
sults with B-H-looper (inductive) measurements, this drop is
mainly attributed to magnetic rather than magneto-optic ef-

© 2006 American Institute of Physics
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FIG. 1. (Color online) Easy-axis (a) and hard-axis (b) in-plane magnetiza-
tion reversal curves of the layer system, as-prepared and implanted (30 keV,
Hqlleasy axis) with a Ni fluence of 0.2X10'%, 0.6X10'%, and 1.0
% 10'® Ni/em?, respectively. (c) Magnetization reversal curves along the
originally easy- and hard-axis directions after Ni ion implantation (30 keV,
0.2 10'® Ni/cm?) in an applied field parallel to the hard axis. (d) Static
anisotropy field H,, (circles) and anisotropy constant K ¢ (squares) as a func-
tion of Ni fluence. For the determination of K the saturation magnetization
determined by PIMM [cf. Fig. 3(a)] has been used.

fects and thus due to a reduction in the layer magnetization.
The different contributions that account for this reduction
will be discussed further below. In addition an increase of
coercivity is found [see Fig. 1(a)], which indicates additional
pinning sites created by the implantation process and/or a
reduction in magnetic thickness, as will be discussed
below."” The static anisotropy field determined by the mag-
netization saturation in the hard-axis geometry first decreases
as a function of Ni fluence but then increases above the ini-
tial value for a fluence of 1 X 10'® Ni/cm? [see Fig. 1(d)].

In order to evaluate the potential of ion implantation for
the setting of the uniaxial anisotropy direction, the magnetic
field during irradiation has been applied along the initially
hard magnetization direction. Compared to conventional an-
nealing (=50 meV) the energy transfer to the phonon system
within the magnetic film is much higher (=20 keV). The
magnetization reversal loops shown in Fig. 1(c) clearly indi-
cate that the easy magnetization direction of the uniaxial
anisotropy follows the applied magnetic field direction dur-
ing ion implantation, consistent with investigations making
use of 200 keV Ar* ion irradiation of Nig Feiq films."”” In
addition, fluences as low as 5X10'3 Ni/cm? (=0.2 dpa)
have been found to be sufficient to set the uniaxial aniso-
tropy direction without a significant modification of the layer
magnetization.

Next we turn to the dynamic magnetic measurements
which have been performed by means of pulsed inductive
microwave magnetometry (PIMM).” These allow the deter-
mination of the saturation magnetization (independent of
magnetic film thickness), the dynamic anisotropy field H,
the relaxation rate \;;, and the magnetic damping constant
a. In Fig. 2(a) the dynamic pulse response arising from the
time dependent magnetization traces in an easy-axis applied
bias field of 10 Oe upon step excitation (H.,=2 Oe) along
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FIG. 2. (Color online) (a) Time dependent inductive signal of the precessing
magnetization in response to a 100 ps rise time step pulse for the same
samples, as shown in Fig. 1. (b) The square of the precession frequency as
determined from (a) as a function of applied field (full symbols). The lines
correspond to a linear fit of the data for applied fields =10 Oe. ¢) Dynami-
cally obtained anisotropy field H, (circles) and anisotropy constant K
(squares) as a function of Ni fluence. (d) Magnetic relaxation rate \;; /4
(circles) and magnetic damping parameter « (squares) as a function of Ni
fluence.

the hard magnetization axis is shown for the same samples
characterized quasistatically in Fig. 1. The precession fre-
quency w and the magnetic relaxation rate \;; were deter-
mined from fitting an exponentially decaying damped sine
function to the data. In the data presented in Fig. 2(a) the
drop in overall magnetization can be observed already by the
reduction of the first oscillation maximum and the reduction
in precession frequency. For a number of different bias fields
the dynamic pulse response has been measured and analyzed
in detail by using Kittel's formula® w?=2Hqy(Hey
+47M) in the limit Hy<4wMg and thus o’
=Y 47M 4(H,,,+H,). Plotting o* as a function of the ap-
plied field H,,; [see Fig. 2(b)] then allows the determination
of 47M from the slope and —H, from the intersection with
the abscissa. The extracted values of the anisotropy and of «
as a function of Ni ion fluence are shown in Figs. 2(c) and
2(d), respectively. The course of the dynamically obtained
anisotropy value is consistent with the static one [cf. Figs.
1(d) and 2(c)]. The slight discrepancy between both values
was also observed for other material systems (see, e.g., Ref.
22). The magnetic relaxation rate \;; and the effective mag-
netic damping parameter a shown in Fig. 2(d) are strongly
affected by the Ni implantation. A continuous increase by a
factor of up to 6 (2) is observed for the effective magnetic
damping parameter « (relaxation rate \;;) for an ion fluence
of 1X10'® Ni/cm? compared to the nonimplanted samples.
The stronger dependency of the magnetic damping parameter
is mainly attributed to the congruent drop in saturation mag-
netization  for  implantation fluences above 0.8
% 10'¢ Ni/cm?.

In the remaining part of this letter we will focus on the
different contributions leading to a drop in the layer magne-
tization and the saturation magnetization. Therefore we first
compare the drop in layer magnetization determined by
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magneto-optic and inductive techniques with the drop in
saturation magnetization determined by PIMM measure-
ments [see Fig. 3(a)]. A large discrepancy between the course
of the layer magnetization and the saturation magnetization
is found. This can only be explained by a reduction of the
magnetic active volume. Knowing both functional dependen-
cies the residual magnetic film thickness can be calculated.
In Fig. 3(b) the continuous decrease of the magnetically ac-
tive film thickness is shown as a function of ion fluence. For
implantation fluences above 0.8 X 10'® Ni/cm? only half of
the initial film thickness is magnetically active. This reduc-
tion can be decomposed into two contributions: (i) Reduction
of the physical film thickness, due to sputter effects the film
thickness is reduced by approximately 3 nm at |1
% 10'® Ni/cm? according to TRIDYN simulations and cross-
sectional transmission electron microscopy (TEM) investiga-
tions. (ii) Magnetic dead layer formation, due to irradiation
induced broadening of the underlying Ta buffer layer profile
Ta is mixed into the Nig,Fe o layer. For Ta concentrations
above approximately 12 at. % the alloy becomes
paramagnetic23 and above approximately 20 at. % ion in-
duced amoryhization takes place.24 By means of TRIDYN
simulations'® the Ta profile has been determined quantita-
tively as a function of ion fluence and the predicted location
of the crystalline/amor;phous transition has been verified by
cross-sectional TEM.? The location of the ferromagnetic/
paramagnetic transition has been determined accordingly
leading to a magnetically dead layer of 5 nm thickness at 1
X 10'6 Ni/cm?. In total a reduction of the magnetically ac-
tive film thickness of 8 nm is expected for an implantation
fluence of 1 X 10'® Ni/cm?2, which is in agreement with the
experimental result [compare Fig. 3(b)]. However, in order to
fully understand the observed modifications also the drop in
saturation magnetization has to be addressed. One obvious
contribution is the shift in stoichiometry. 5 at. % of Ni is
implanted at 1 X 10'® Ni/cm? leading to a NiggFe,4 alloy and
thus a reduction in saturation magnetization of 10% with
respect to NiglFelg.26 In addition it is known that neutron
irradiation can cause a reduction of the saturation
magnetization17 in the order of 10%. Due to the large differ-
ence in mass (Ni ion versus neutron), a more pronounced
reduction of M| for the Ni implantation case is expected. A
reduction of 47mM, to 8 kOe at an ion fluence of 0.8
X 10'® Ni/cm? can thus be explained by a combination of
these effects. The reduction of 47mM to 4.3 kOe at a fluence
of 1.0X10'® Ni/cm? cannot be explained completely by
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these effects. Cross-sectional TEM investigations25 reveal
that at this fluence the continuous Nig Fe ¢ layer breaks up
into crystalline particles at the sample surface which are sur-
rounded by amorphous material due to the proceeding irra-
diation induced amorphization. In view of these large struc-
tural changes, involving a probably low moment or
paramagnetic magnetic amorphous phase, the additional re-
duction in saturation magnetization is not surprising.

In summary, we have shown that by means of Ni ion
implantation static and dynamic magnetic properties can be
varied over a large range. The reduction in layer magnetiza-
tion is explained by a combination of sputter effects and
magnetically dead layer formation; the reduction in satura-
tion magnetization is explained by a shift in stoichiometry
and radiation induced damage formation. A decrease in an-
isotropy and a large increase in the magnetic damping pa-
rameter accompany the above effects. In addition the poten-
tial of ion implantation in an applied magnetic field to set the
uniaxial anisotropy direction has been demonstrated.

The authors thank R. Mattheis for the thin film prepara-
tion, I. Winkler for the ion implantation, and A. Miicklich for
performing the cross-section TEM.
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Room-temperature ferromagnetism has been induced within ZnO single crystals by implant doping

-2

with Fe ions. For an implantation temperature of 623 K and an ion fluence of 4 X 10'® cm=2, very
tiny Fe particles, formed inside the host matrix, are responsible for the ferromagnetic properties.
They were identified using synchrotron x-ray diffraction and Mossbauer spectroscopy. On the other

-2

hand, Fe ions implanted at a temperature of 253 K and an ion fluence of 4 X 10" cm™2 are
incorporated into the host matrix and develop a room temperature diluted magnetic
semiconductor. © 2006 American Institute of Physics. [DOI: 10.1063/1.2169912]

In the field of spintronics,1 diluted magnetic semicon-
ductors (DMS) are worldwide under intense investigation.
DMS are “conventional” semiconductors doped with transi-
tion metal or rare-earth ions which are diluted within the host
matrix and ferromagnetically aligned via an indirect mag-
netic coupling.z_7 The existence of DMS based on Mn doped
p-type ZnO? and V, Ti, Fe, Co, or Ni doped n-type ZnO (Ref.
7) has been predicted by theory. However, currently only
n-type conducting ZnO films or single crystals are available.
Recent reviews of experimental work in the field are given
by Pearton ez al.® and U. Ozgiir et al.” Among other systems,
n-type  ZnO dozped with Fe has been confirmed
experimentallyl0'l to exhibit ferromagnetism at room tem-
perature. In some cases, especially at high processing tem-
peratures, unwanted secondary phases are formed inside the
ZnO matrix, which are responsible for the ferromagnetic
properties.” One way to overcome this problem is the use of
ion beam doping at low temperatures and thus far from ther-
mal equilibrium.lz’14 In any case, structural analysis methods
with high sensitivity are necessary in order to exclude sec-
ondary phases. In this letter it will be shown that Fe implan-
tation into ZnO single crystals at a temperature of 623 K can
lead to the formation of ferromagnetic a-Fe nanoparticles.
On the other hand, Fe ions implanted at a temperature of 253
K are diluted within the ZnO host matrix and develop a
ferromagnetic coupling.

For this purpose we used commercially available, hydro-
thermally grown ZnO single crystals that have been Zn-face
epipolished by the supplier. These samples were implanted
with >’Fe ions at different temperatures and ion fluences (for
a sample register and abbreviations see Table I). The implan-
tation energy of 180 keV yielded a projected range of Rp
=79+33 nm (TRIM code"). Prior to implantation, the virgin
samples were characterized by x-ray diffraction (XRD)
(Siemens D5005), inductively coupled plasma mass spec-

showing a contamination below 20 ppm for Cu, Ni, and Fe
and below 0.1 ppm for the other transition metals. Most im-
portant is the fact that even at low temperatures (5 K) all of
the virgin samples behave purely diamagnetic upon magne-
tization reversal.

After implantation, the four samples (Table I) were ana-
lyzed using SQUID magnetometry. It was found that only
two of them, i.e., the HFHT and the LFLT samples exhibit a
pronounced hysteresis loop upon magnetization reversal at
T=5 K (Table II). After subtraction of the diamagnetic back-
ground, a saturation magnetization of Mg=0.30 ug(Myg
=1.3 ug) per implanted Fe ion and a coercivity of Ho=2.4
X10* Am ! (H-=4.8%X10° Am™") for the HFHT (LFLT)
sample is determined. The hysteretic behavior remains also
at T=300 K [Figs. 1(a) and 1(b)]. However, for the HFHT
sample a more drastic decrease of My and H as compared to
the LFLT sample is observed with increasing temperature
(Table II).

In order to analyze the microscopic origin of the mea-
sured ferromagnetic properties of the HFHT and LFLT
samples, synchrotron x-ray diffraction (SR-XRD) with
monochromatic x rays of 0.154 nm wavelength and room-
temperature conversion electron Madssbauer spectroscopy
(CEMS) were used for all samples. In contrast to conven-
tional XRD, the much higher x-ray intensity in SR-XRD
allows one to detect also small amounts of very tiny nano-
particles. Figure 1(c) shows a symmetric 26/ scan for the

TABLE I. Implantation conditions for >'Fe ions for the investigated samples
(T'mp=implantation temperature, ®=ion fluence). The implantation angle
was set to 7° in order to avoid channeling effects. The calculated implanta-
tion profile thus has a Gaussian shape with a maximum atomic concentration
Pmax- The sample identifiers refer to low/high fluence and low/high tempera-
ture.

) - ; Sample P (cm™) Prmax (%) Timp (K)

trometry, and superconducting quantum interference device
(SQUID) (Quantum Design MPMS) magnetometry. It is LFHT 4x 1012 0.5 623
found that the virgin crystals are perfectly single crystalline HFHT 4x10 5 623

LFLT 4x10" 0.5 253

HFLT 4x10'° 5 253
“Electronic mail: k.potzger @fz-rossendorf.de
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TABLE II. Saturation magnetization Mg and coercivity H. determined by
SQUID magnetometry. The measurement temperatures are indicated.

Mg (up implanted Fe) Hce(Am™)
Sample 5K 300 K 5K 300 K
HFHT 0.30 0.17 24X 10* 24X%X10°
LFLT 1.3 1.0 4.8%10° 4.0% 10

HFHT sample. Sharp, high intensity peaks from bulk ZnO
are visible at 20~34.4° and 260~72.6°. At 20~44.5°, a
rather broad and low intensity peak originating from
a-Fe(110) with a theoretical Bragg angle of 26=44.66° oc-
curs. The nanoparticle size is estimated to be around 8§ nm
using the Scherrer formula.'® Apart from a-Fe, no other
phases are detected. In order to support these findings by real
space methods, cross-section transmission electron micros-
copy (TEM) (Philips CM 300) has been performed. The
nanoparticles could be identified indirectly due to a Moiré
pattern with a visible diameter of about 6-12 nm (Fig. 2,
inset) at a distance of only 30-65 nm from the surface. A
broadening of the Fe density profile due to the elevated im-
plantation temperature was observed by means of energy dis-
persive x-ray microanalysis (EDX). The maximum iron con-
centration was found at Rgpx=51+38 nm with a broad tail
towards the sample bulk. In CEMS, only the HFHT sample
exhibits a fraction of >'Fe probe nuclei, that show a clear
magnetic hyperfine splitting (sextet) corresponding to a mag-
netic hyperfine field of Byr=30.5 T (Fig. 2) which is—due
to size effects—slightly smaller than the known value of me-
tallic a-Fe(Byr=33.0 T). This fraction covers 12.5% of the
'Fe nuclei absorbing the incident vy radiation. Its isomer
shift (IS) of 0.06 mm/s with respect to a-Fe doubtlessly rep-
resents metallic Fe®. The remaining Fe in the HFHT sample
exhibits ionic charge states showing no ferromagnetic hyper-
fine splitting. The interpretation of these fractions is, in part,
rather difficult. The best fit has been obtained using one sin-
glet representing a Fe®* state reported already elsewhere'’
and two quadrupole-split lines representing Fe?* states (Fig.
2). The absence of a quadrupole splitting (QS) of Fe** ex-
cludes ZnFe,O, precipitates since there is always an electric
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field gradient present at the octahedral sites. 81 Fe;0, usu-
ally does not show a quadrupole splitting in the Fe?* states'’
and can thus also be excluded indirectly. These conclusions
are consistent with those obtained from SR-XRD.

The interpretation of the origin of the ferromagnetic
properties of the HFHT sample is thus straightforward: Dur-
ing implantation metallic Fe nanoparticles are formed. This
is due to higher migration of Fe at the elevated temperature
as compared to the HFLT and LFLT samples. Moreover, the
required diffusion length for nanoparticle formation is much
shorter at the higher fluence as compared to the LFHT
sample (Table I). The superparamagnetic limit of Fe nano-
particles is described by the relaxation time 7
=7y exp[E4V/kgT], where E, is the anisotropy energy den-
sity (5% 10* J/m? for Fe), V is the particle volume, and kp is
the Boltzmann constant. 7, amounts to ~107° s (Ref. 20).
Thus at 7=5 K and a measurement time of ~100 s which is
typical for SQUID magnetometry the critical nanoparticle
diameter for superparamagnetic behavior results to 4 nm.
From the earlier discussed structural analysis we know that
all nanoparticles diameters are larger than this value and
should intrinsically behave like ferromagnetic a-Fe bulk ma-
terial. Taking into account the fraction of 12.5% of metallic
Fe found by CEMS and a magnetic moment of 0.30 up per
implanted Fe ion, a value of M¢=2.4 ug per Fe atom within
the metallic nanoparticles is determined in agreement with
the known value for bulk Fe of 2.2 up. The slight overesti-
mation probably results from the fact that the CEMS spec-
trum contains also a small fraction resulting from superpara-
magnetic Fe nanoparticles which could not be resolved in
CEMS. At 300 K, the hysteresis loop obtained by SQUID
magnetometry exhibits a distinct decrease of Mg down to
0.17 up per implanted Fe ion, and of H, down to 2.4
X 103 A m~! compared to the measurement at 5 K (Table II).
Both effects result from the size distribution of the Fe nano-
particles, since with increasing temperature also larger nano-
particles become superparamagnetic or approach to the su-
perparamagnetic limit.

In contrast to the other three samples, a long-time CEMS
spectrum (500 h) recorded for the LFLT sample (Tjy,
=253 K,®=4 X 10" cm™?) exhibits only a single line corre-
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Relative emission

Velocity (mm/s)

FIG. 2. CEMS of the HFHT sample recorded at 300 K. The fit curves
represent (from top to bottom) a single emission line corresponding to a Fe*
state (IS=0.53 mm/s with respect to a-Fe), a quadrupole split emission line
(QS=0.6 mm/s) corresponding to a Fe?* state (IS=0.69 mm/s), a sextet
line resulting from a magnetic hyperfine splitting of a metallic Fe’ state
(IS=0.06 mm/s) and a strongly quadrupole split line (QS=1.3 mm/s) of a
Fe?* state (IS=0.78 mm/s). The inset shows Moiré contrasts measured us-
ing TEM that can be associated with small metallic Fe nanoparticles corre-
sponding to the CEMS results. The arrows indicate the sextet.

sponding to a Fe’* state. Thus the majority of the detected
ions are ferric but nonmagnetic similar to the results for Fe
doped Sn02.5 A decision about the existence of a ferromag-
netic sextet could not be provided along with CEMS due to
the small counting rate resulting from the low fluence im-
planted and the lower uniformity of the Fe lattice sites as
compared to the samples implanted at 623 K. However, for
the LFHT, HFLT, and especially the ferromagnetic LFLT
sample no secondary phases have been found using SR-XRD
[Fig. 1(d)] and no metallic Fe® states have been detected
using CEMS. Consequently, the implanted Fe ions are di-
luted within the ZnO host matrix. Thus—in sharp contrast to
the HFHT sample—the ferromagnetic behavior of the LFLT
sample [Fig. 1(b)] results from an indirect exchange interac-
tion between diluted Fe ions similar to the one reported in
Ref. 5 for the case of Fe doped SnO,. Surprisingly the fer-
romagnetic behavior occurs at much lower Fe concentrations
than that reported in Ref. 5 or predicted by theory. In the case
of diluted Fe** (5 uy per ion), 28% and in the case of diluted
Fe?* (6 up per ion), 23% of the implanted ions would con-
tribute to the ferromagnetic interaction. The minimal Fe-Fe
distance for the LFLT sample can be estimated to be 1.3 nm.
Considering the different implantation temperatures and flu-
ences affecting the diffusion behavior and the ion induced
damage in the four investigated samples, a crude explanation
of their behavior with respect to the formation of a DMS can
be provided: An implantation temperature of 623 K causes a
broadening of the Fe implantation profile. Hence, a ferro-
magnetic state of the Fe ions that are diluted within the
LFHT sample cannot be established due to the low local Fe
concentration. Within the LFLT sample, however, the im-
plantation profile is sharper and therefore the local Fe con-
centration is large enough to form a room-temperature DMS.
For the lack of a DMS state within the high fluence im-
planted samples this argumentation does not hold because
the total amount of implanted Fe ions was ten times larger
than for the LFHT sample, but with many associated defects.
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Thus these defects introduced during implantation must play
a key role for the DMS formation. Rutherford backscattering
(RBS) analysis shows, that the damage level for both high
fluence implanted samples are similar, i.e., Xpin~ 65%,”"
while the damage level for the LFLT sample is much lower
(Xmin=30% , Xmin Of the virgin samples: 3%). Such defects
affect the transport properties of ZnO (Ref. 22) and thus the
path of ferromagnetic coupling.

In summary, 180 keV Fe implanted ZnO single crystals
can develop ferromagnetic properties that are either caused
by a-Fe nanoparticles or an indirect coupling of the Fe ions
in a DMS system, depending on the details of ion fluence
and implantation temperature. Detailed structural analysis is
required to rule out secondary phases.
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Nanocluster formation in Fe implanted GaN
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The formation of Fe clusters in wurtzite GaN implanted with 200 keV >’Fe ions at 350 °C was
investigated. Cluster sizes from few nanometers up to several 100 nm depending on ion fluence,
implantation, and annealing temperature have been observed for ion fluences between 4 X 10'® and
1.6 X 10'7 cm™. A clear epitaxial relation between Fe and GaN was determined. X-ray diffraction,
conversion electron Mossbauer spectroscopy, transmission electron microscopy, and Auger electron
spectroscopy were used for the characterization of the implanted samples. Mossbauer spectroscopy
shows that precipitation of Fe occurs already during implantation. © 2006 American Institute of

Physics. [DOL: 10.1063/1.2363960]

Transition metal doped GaN is expected to be a diluted
magnetic semiconductor (DMS) with a Curie temperature
(Tc) above room temperature. Generally in a DMS magnetic
atoms substitute randomly cation sites. The ferromagnetism
is related to the spin coupling between magnetic impurities
mediated by the holes. However, the possible presence of
metallic precipitates may also play an important role in the
discussion of the origin of the ferromagnetism. Though the
appearance of those precipitates is not desired in an ideal
DMS, it is not clear whether the presence of ferromagnetic
nanoclusters excludes the ferromagnetic interaction mediated
by charge carriers. Isolated clusters of some nanometer size
act as superparamagnets and have negligible dipolar interac-
tion. On the other hand, metallic clusters could be useful
regarding their optical, magnetic, and electronic properties as
it was suggested in Refs. 1-4. Theodoroupoulou et al’ and
Shon et al.® reported about ferromagnetism in Fe implanted
GaN and 7 up to room temperature and even above 350 K,
respectively. In Ref. 5, in most cases, no secondary phases
were observed. Shon et al. did not report about secondary
phases, although the implanted fluence of 5X10'® cm™
(=5.6 at. % Fe) should inevitably lead to cluster formation.
If one considers that the solubility limit for magnetic ele-
ments in III-V semiconductors is only few at. %, many
nucleation centers which are generated during implantation
and the enhanced mobility due to high implantation tempera-
ture should promote the cluster formation.

In the present study, °’Fe was used as an atomic sensi-
tive probe to investigate the local environment of Fe by
Mossbauer spectroscopy in combination with other tech-
niques to study the precipitation at very early stage. p-type
(Mg) doped (~10'7 cm™3) single crystalline, wurtzite GaN
(001) films of about 3 wm thickness epitaxially grown by
metal organic vapor phase epitaxy on sapphire (001) were
used. Samples were implanted with 200 keV >’Fe ions with
fluences between 1 X 10'¢ and 1.6 X 107 cm™ (maximum Fe
content of 1-18 at. %) while the temperature was kept at
350 °C in order to avoid amorphization, similar to Ref. 5. In
order to reduce the implantation damage and to obtain a
redistribution of iron, implanted samples were annealed at
temperatures between 700 and 950 °C in N, flow (1.1 bars)
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for 5 min. The Fe implantation profiles were calculated using
the TRIDYN-code simulations’ and compared to concentration
depth profiles recorded by Auger electron spectroscopy
(AES). The crystallographic phase composition was investi-
gated using a Siemens D 5000 x-ray diffractometer in 6
—26 geometry with 6 offset of 1° and Cu K, radiation. The
microstructure was studied in cross-sectional specimens by
using a Philips CM 300 transmission electron microscope
(0.14 nm line resolution). Conversion electron Mdssbauer
spectroscopy (CEMS) in constant-acceleration mode at room
temperature was applied to investigate the Fe lattice sites,
electronic configuration, and magnetism. The spectra were
fittedwith Lorentzian lines using the least squares computer
program NORMOS.® The investigations of magnetic properties
were performed on a QD MPMS superconducting quantum
interference device magnetometer.

AES measurements (not shown here) confirmed the
Gaussian shaped implantation profiles for fluences up to 8
X 10'® cm™2. For the sample with the highest implanted flu-
ence (1.6 X 10'7 cm™), a sputter-controlled implantation pro-
file was observed. A contamination with oxygen took place
only in the first atomic layers. The outgassing of nitrogen
from the sample was successfully prevented by the slight N,
overpressure (1.1 bars) during annealing, e.g., the nitrogen-
concentration profiles remained constant. As a result a
change in stoichiometry took place in the implantation pro-
file between Ga and Fe for the benefit of the iron. The X-ray
diffraction (XRD) investigation [Fig. 1(a)] of the as-
implanted (i) and subsequently at 750 °C (ii) and at 850 °C
(iii) annealed samples reveals the generation of Fe crystal-
lites during the annealing procedure for fluences above 4
X 10'® cm™2. A broad peak found around 44.7° is represen-
tative for the cluster evolution. This peak is associated with
a-Fe (110) or strained y-Fe (111). The intensity of the Fe
peak increases and the full width at half maximum (FWHM)
decreases with higher annealing temperature, representing
the growth of crystallites. No other secondary phases were
detected. However, the presence of very tiny clusters cannot
be excluded.

In samples implanted with fluences above 8
X 10'® cm™2, the formation of clusters is observed already in
as-implanted state. The XRD pole figure measurement (not
shown here) reveals the cluster to be fiber textured with Fe
(110) plane oriented parallel to GaN (001), which is in good

© 2006 American Institute of Physics
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FIG. 1. XRD pattern (a) (spectra are shifted along the ordinate) and room
temperature CEM spectra (b) of 4 X 10'® cm™ implanted (i) at 750 °C (ii)
and at 850 °C (iii) subsequently annealed samples.

agreement with the orientation of Fe layers deposited on
GaN.” The clusters are allocated throughout the entire im-
plantation profile as shown exemplarily in a transmission
electron microscopy (TEM) micrograph from the sample im-
planted with 4 X 10'® cm™ and annealed at 800 °C (Fig. 2,
left). Epitaxially oriented clusters with sizes up to 8 nm are
clearly recognizable by means of Moiré patterns. The num-
ber of clusters increases and they coalesce with increasing
fluence. Finally, for the highest fluence and highest annealing
temperature (1.6 X 10'7 cm™2, 950 °C), even Fe islands up to

- o
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o e "}.-:.
01)GaN
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FIG. 2. Fe clusters allocation (moiré pattern) inside the implantation region
(the final part) of the 4 X 10'® cm™ implanted and at 800 °C annealed
sample (left). Selected area diffraction pattern shows the epitaxial relations
of (110)Fell(101)GaN and (011)Fell(001)GaN (right).
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several 100 nm in size are formed on the surface. This island
formation is accompanied by a strong roughening of the sur-
face as it was reported by Polyakov et al.'® The islands are
also epitaxially aligned to the host as it was proven for clus-
ters. Both for clusters and islands, the interplanar distance of
0.206 nm obtained from selected area diffraction pattern
(Fig. 2, right) is very close to the (110) interplanar distance
of a-Fe (a=0.203 nm). The following epitaxy relations were
determined: (110)Fell(101)GaN and (011)Fel(001)GaN.
CEMS measurements allow one to identify different Fe-site
occupations. The hyperfine parameters calculated according
to the evaluations of the spectra are given in Table I. Figure
1(b) shows CEM spectra of the sample implanted with 4
X 10'® ¢cm™2 and subsequently annealed at 750 and 850 °C.
The spectrum of the as-implanted state [Fig. 1(b)(i)] consists
of a singlet line and two quadrupole doublets. The singlet
can be assigned to either superparamagnetic a-Fe or to para-
magnetic y-Fe with an isomer shift of —0.05 mm/s. This
value is similar to the isomer shift (=0.10 mm/s) observed
for Fe nanoparticles in Al,O53 under high compression.“ The
doublets are fitted with the isomer shifts for Fe in wurtzite
AIN given in Ref. 12. The determined values can be assigned
to Fe** with three (Dyy;) and four (Dyy) nearest N neighbors
with isomer shifts of 0.42 and 0.59 mm/s, respectively. The
magnetically isolated Fe** ions are paramagnetic; thus no
ferromagnetic hyperfine splitting is observable. The presence
of the Fe®* state is a direct proof of its substitution of Ga
sites in the wurtzite structure where Ga is surrounded by four
N atoms and vice versa. However, only 23.6% of total Fe
amount in as-implanted sample appears to substitute Ga
sites. The other part is either on interstitial sites or forming
small precipitates (y- or a-Fe). The formation of e-Fe ni-
trides cannot be excluded but it is unlikely because they were
neither observed by XRD nor by TEM. During annealing at
750 °C, Fe redistributes and only one doublet (Dyy) can be
found. A small amount with a ferromagnetic hyperfine field
distribution can be detected [Fig. 1(b)(ii)]. However, this ef-
fect is too small for reliable interpretation. Annealing at
850 °C [Fig. 1(b)(iii)] leads to the growth of ferromagnetic
a—Fe, represented by a sextet with a mean magnetic hyper-
fine field of 318 kOe. It differs slightly from bulk a-Fe
(By=330 kOe) apparently due to size effects, imperfect iron
surrounding, and possible strain. The relative area of the «
-Fe sextet and thus the a-Fe fraction in clusters increases at
the expense of other fractions and covers about 85% of the
total Fe content. The relative line intensities of
3:2.6:1:1:2.6:3 of the sextet differ from those of polycrystal-
line powder material (3:2:1:1:2:3), indicating the presence of
a texture. This confirms the crystallographic anisotropy as
revealed from XRD and TEM. The quadrupole doublet was
fitted with an isomer shift of 0.42 mm/s as before and is
attributed to Fe3* with three nearest N neighbors (Dyy). The
increase of the relative area of the magnetic phase observed
with increasing annealing temperature is a direct proof for
the phase separation. These results show that at elevated im-
plantation temperatures (in this case at 350 °C), the precipi-
tation occurs already during the implantation process.
Finally, magnetization measurements were performed on
the 4 X 10'® cm™ implanted and at 750 °C annealed samples
containing Fe clusters. The magnetization reversal curves
(Fig. 3) show none or just a small hysteresis—an indication
of superparamagnetic response of clusters. At room tempera-
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TABLE I. Hyperfine parameters obtained from the evaluation of the Mossbauer spectra of the sample implanted
with 4 X 10' cm™2 and annealed at 750 and at 850 °C. &: isomer shift, A: quadrupole splitting, By: magnetic
hyperfine field, I': FWHM, A: relative area of each component, S: singlet, D: doublet, and M: sextet.

s A By r A

Sample Component (mm/s) (mm/s) (kOe) (mm/s) (%)

As implanted S -0.05 0.59 62.3
Dy 0.42 0.48 e 0.49 14.1

Dy 0.59 0.71 o 0.51 23.6

750 °C annealed S -0.01 0.53 57.0
Du 0.42 0.42 v 0.64 29.6

M 0.0 0.0 Distribution 0.30 134

850 °C annealed S -0.05 0.66 8.3
Duy 0.42 0.48 o 0.60 6.1

M 0.05 0.0 Distribution 0.30 85.6

“All isomer shifts are given relative to a-Fe.

ture the total magnetic moment is much lower than at 150 K,
apparently due to the decrease of the intrinsic cluster mag-
netization with rising 7. At both temperatures, a small para-
magnetic contribution from noninteracting ionic Fe** (Van
Vleck paramagnetism) is visible.

In summary, nanocrystalline clusters were produced by
Fe implantation into wurtzite GaN at elevated temperatures
and a subsequent annealing step. Mossbauer spectroscopy
proves the precipitation of Fe already during implantation
and their growth during annealing. The clusters are mainly
epitaxially oriented to GaN. The fluence plays an important
role for the density of cluster allocation and their size. The
annealing temperature and time are decisive for the cluster
size and crystallinity. As both the recovery of the crystal
structure and the formation of nanoparticles are thermally
stimulated processes, it will be difficult to enable damage
annealing without concurrent cluster formation. The precipi-

8x10®
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£ 4x10°
e
% 0. 300K
5
S -4x10°
-8x10° 1 — . . . .
-1500  -750 0 750 1500

FIELD (Oe)

FIG. 3. Magnetization reversal curves of 4 X 10'® cm™ implanted and sub-
sequently at 750 °C annealed samples measured at 150 and 300 K.

tation may be suppressed by implantation at lower tempera-
tures than used here. Also short annealing such as rapid ther-
mal annealing or flash lamp annealing13 at second
or millisecond time scales, respectively, might prevent
precipitation.
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Defect induced formation of CoSi, nanowires by focused ion beam
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Cobalt implantation with a focused ion beam (FIB) was applied to study ion beam synthesis of
cobalt disilicide nanowires in silicon. Two mechanisms of CoSi, nanowire formation were
investigated: (a) conventional synthesis by Co*™" FIB implantation at elevated temperatures into
silicon along in-plane (110) Si crystal direction and subsequent annealing and (b) self-aligned CoSi,
nanowire growth in cobalt supersaturated silicon on FIB-induced defects at room temperature
during subsequent annealing. The obtained CoSi, nanowires are 20— 100 nm in diameter and several
micrometers long. © 2006 American Institute of Physics. [DOI: 10.1063/1.2400068]

One-dimensional crystalline nanostructures such as
semiconducting (Si, Ge, GaN, and InP) and metallic (Au and
Ag) nanowires (NWs) have been intensively studied in the
past decade.” It is advantageous for device application if it
is possible to produce the desired NWs directly on or under
the surface of suitable substrates, e.g., silicon wafers. By
means of optical or electron beam lithography submicron
silicide structures have been made.’ These materials are used
as low-resistive contacts, gates, and interconnecting lines in
very-large-scale integrated circuits. Many efforts have been
made to fabricate silicide nanostructures employing the
bottom-up approach without elaborate microlithography. For
instance, the spontaneous and self-aligned growth of
3—10 nm thick CoSi, NWs from Co nanoparticles deposited
onto the Si surface was described.* CoSi, NWs have been
reported utilizing different techniques, such as implantation
based ion beam synthesis5 (IBS) and mesotaxy6 leading to
the formation of wires by growth and coalescence of silicide
precipitates during high-temperature annealing.7 Focused ion
beam (FIB) implantation of Co* ions® and subsequent con-
ventional as well as flash lamp annealing were reported to
synthesize nanostructures and NWs with feature dimensions
of about 200 nm.”™'" In this letter the formation of CoSi,
NWs in silicon using FIB IBS and the influence of the defect
generation during FIB implantation on the NW growth will
be reported.

(100)- and (111)-oriented n-type (10—20 € cm) silicon
substrates were chemically cleaned and thermally oxidized in
dry O, at 1050 °C in order to grow a 100 nm thick SiO,
layer. The SiO, layer was lithographically patterned to form
appropriated oxide windows. The SiO, windows were
aligned with respect to the (110) crystalline direction to al-
low a fast preliminary alignment of the sample on the XY
stage in the FIB chamber relative to the scan direction of the
FIB." Subsequently, the samples were locally implanted by
a digitally scanned 60 keV Co**-FIB with an ion current in
the range of 5-20 pA. The corresponding mean penetration
depth of the ions is about 53 nm. The cobalt ions were ex-
tracted from a liquid metal ion source operating with a
Co3sNdg, alloy (melting point of 566 °C).'* Separation of
the Co*™™ from the other ion species coming from the source
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was done by means of an E X B-type mass filter in the FIB
column (Canion 31Mplus, Orsay Physics) which allows the
focusing of the Co** ion beam into a spot diameter of
20-50 nm. For the study of the conventional IBS of CoSi,
NWs (phase separation through precipitation and wire ripen-
ing during thermal treatment) and their decay into chains of
nanoparticles due to NW instabilities, the samples were im-
planted with high doses (1 X 10'°-2x 10" em™2). To avoid
defect accumulation and amorphization of Si during implan-
tation the sample temperature was kept at about
420-450 °C. The implantation was done in a digital mode
with a short pixel dwell time (<2 us) and a long relaxation
time of more than 100 wus (time between two exposures of
the same pixel). Additionally, the scan direction of the FIB
was varied relative to the chosen crystalline direction for the
study of the stability of NW growth. Usually, the FIB writing
direction was parallel to one of (110) directions on the Si
surface which correspond to the ener%etically favored growth
direction of the CoSi, nanocrystals.l‘ In order to investigate
the influence of locally FIB induced radiation defects on the
CoSi, NW growth, the samples were implanted at lower ion
doses (10'*-~10'® cm™2) at room temperature. Before the FIB
implantation the rear side of these samples was covered with
a 10 nm Co layer by thermal evaporation to achieve a high
concentration of Co in the Si bulk and a supersaturation of
Co during cooling down of the samples in the thermal treat-
ment. It was assumed that the amount of Co atoms above the
solubility limit will precipitate preferentially on CoSi, nano-
particles or on defects formed in the FIB trace. After FIB
irradiation the samples were annealed by a two step thermal
treatment (30 min at 600 °C and 60 min at 1000 °C in dry
N, atmosphere).“’m’15 In order to improve the image con-
trast for scanning electron microscopy investigations of the
NWs a short reactive ion etching in CF, for 20—-40 s was
carried out to remove the 15-20 nm thick silicon top layer
covering the buried CoSi, nanostructures. As it is shown in
Fig. 1(a) conventionally synthesized NWs have lengths of
10-20 pm and diameters of 100—150 nm in the case of FIB
implantation along the chosen (110) direction. A small devia-
tion of the FIB trace from this direction leads to a decay of
the NW into shorter ones [Fig. 1(b)]. Larger angles of mis-
alignment result the formation of chains of more or less pro-
longed CoSi, nanoparticles [Fig. 1(c)].

© 2006 American Institute of Physics
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FZR 10.0k\

FZR 10.0kV x25.0k SE(M)

FZR 10.0kV x35.0k SE(M)

FIG. 1. CoSi, nanowires in (100)-Si (a), in (111)-Si with a small misalign-
ment (b), and with a misalignment angle of about 15° (c). Co** FIB implan-
tation dose was 1 X 10'7 cm™.

A further reduction of the NW diameter can be expected
by decreasing the concentration of cobalt atoms implanted in
silicon at the same FIB spot. NWs synthesized at lower doses
of 1X10'-3x10'cm™ are not stable and decay into
shorter NW fragments with a diameter of about 50 nm [Fig.
2(a)]. Moreover, because of the existence of the other (110)
crystalline directions crossing the FIB trace, there is a certain
probability of spontaneous and self-aligned NW growth in
these directions [Fig. 2(b)]. One of the possible reasons of
this effect should be related to the well known {311} defects
in silicon induced during FIB implantation.16 It can be as-
sumed that the generation of {311} defects in the silicon crys-
tal plays a crucial role in the CoSi, nanowire formation pro-
cess. {311} defects consist of excess Si interstitials coming
from FIB induced point defects which rapidly agglomerate at
the beginning of annealing (temperature ramp up).17 They
are relatively stable at temperatures below 600 °C, at
800 °C they grow up to 150 nm in length via nonconserva-
tive Oswald ripening18 and at 850—1000 °C they anneal out
in a few minutes forming stable dislocation loops and eject-
ing silicon interstitials. These defects are closed between two
{311} planes and are elongated in the (110) direction.'” From
transmission electron microscopy (TEM) investigations it is
known that after annealing at 800 °C the {311} rodlike de-
fects can also transform into similar ones embedded in {111}
habit planes and elongated in the (110) direction.'’ During
annealing the implanted and solved Co atoms diffuse and can
be gettered in the {311} defects. They react with silicon and
form silicide precipitates along these defects, i.e., along the
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FZR 10.0kV x20.0k SE{M)

FZR 10.0kV x25.0k SE(M

FIG. 2. CoSi, NW in (100)-Si implanted with a dose of 7X 10'® cm™ (a)
and in (111)-Si, implanted with a dose of 3 X 10'® cm™ (b).

(110) direction which is the most preferable direction for the
one-dimensional CoSi, crystalline structure growth. This
process stabilizes the defect structure and hinders dissolution
of the rodlike defects. Subsequent Oswald ripening of the
silicide precipitates along this (110) direction leads to the
formation and alignment of oblong initial CoSi, nanopar-
ticles at the defect position. During further heating the solved
cobalt atoms are still available around the nanoparticles and
diffuse to them promoting the growth of crystalline CoSi,
NWs. This finally results the formation of some micrometer
long NWs.

In order to prove this assumption, a high concentration
of defects was introduced by FIB line implantation of Co*
and Co** as well as of other ions (Nd**, Ga*, Au™, and Si**)
at doses of 10'“—10'> cm™ at room temperature. The
samples were covered with a 10 nm Co film on the rear side.
After the FIB irradiation these samples were annealed at
1000 °C for different times in N, ambient. The cobalt layer
on the rear side serves as a reservoir of cobalt atoms during
annealing. At this temperature the solubility and the diffusiv-
ity of Co in Si are 5X 10" cm™ and 1X 107 cm?s7!, re-
spectively. Already after 10 min of annealing short
(200-500 nm) and 10—30 nm thin NWs self-aligned along
the (110) directions were observed independent on the kind
of implanted ions [Fig. 3(a)]. This effect was also clearly
seen in the case of a dotlike FIB implantation (without pixel
overlapping). It is essential that at lower doses
(10'-10" cm™2) the NW growth occurs more effectively
than at higher ones, presumably depending on the defect
structure complexity. After 30 min annealing the wires reach
several micrometers in length and 20—50 nm in diameter
[Fig. 3(b)]. Similar results were obtained using, for example,
Ga™ FIB irradiation [Fig. 3(c)] and irradiation with the other
ions (not shown here). It should be mentioned here that these
NWs are very stable (e.g., for some hours at 1000 °C), but it
is difficult to provide a better controlled growth of such
nanowires because of the spontaneous nature of the defect
generation.
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FIG. 3. CoSi, NWs in (111)-Si after 60 keV Co** FIB implantation and
annealing at 1000 °C for 10 min (a), for 30 min (b), and after 30 keV Ga*
FIB implantation and annealing at 1000 °C for 30 min (c).

In conclusion, conventional ion beam synthesis of CoSi,
NWs using high dose FIB implantation and subsequent an-
nealing was demonstrated. The growth stability of long NWs
embedded in Si sensitively depends on the accuracy of FIB
trace alignment relative to the preferred growth directions,
namely, the in-plane (110) Si crystal directions. A small mis-
alignment of the FIB trace of a few degrees leads to the
decay of the CoSi, NWs into shorter parts and a larger de-
viation causes a chain of CoSi, nanoparticles. Furthermore, it
was observed that the stability of continuous NW growth is
reduced with lowering the implantation dose. The controlled
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alignment of silicide NW growth is hindered by FIB induced
defects initiating a spontaneous CoSi, NW growth along
other in-plane (110) Si crystal directions. In contrast to con-
ventional ion beam synthesis of CoSi, NWs by high dose
FIB implantation along a narrow trace, the defect induced
and self-aligned NWs seem to be more stable.
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Determination and evolution of tunneling distances in Ge nanocrystal
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A Ge nanocrystal layer embedded in a thin gate oxide was prepared by ion beam synthesis in
direct-tunneling distance to the Si substrate. The write performance was investigated in
metal-oxide-semiconductor capacitors by means of capacitance measurements. With the
experimental data and calculations using a floating-gate-like approach, the distribution of the
tunneling oxide thickness d,,, can be determined in high precision confirmed by high-angle annular
dark-field scanning transmission electron microscopy imaging. The evolution of d,,, during heat
treatment is discussed in terms of Ostwald ripening; i.e., d, increases with annealing time. © 2006

American Institute of Physics. [DOI: 10.1063/1.2387900]

Multidot memories are expected to replace classical
floating-gate-based flash devices in the future.' The approach
includes the nanocrystal memory2 where preferably Si or Ge
nanocrystals (NC’s) embedded in thin gate oxides are used as
storage nodes.>® Short write/erase cycles with ultralow
power consumption and high endurance have been achieved
using a direct-tunneling distance (<3.0 nm) between the
NC’s and the Si substrate/device channel, but this is con-
nected to a tradeoff of a short data retention (minutes or
seconds).*” As a consequence, the performance of such a
memory is more ‘“quasi-nonvolatile” or “long refresh dy-
namic” than really nonvolatile strongly depending on the
tunneling distance. In this letter, we consider an ion-beam
synthesized layer of Ge NC’s in a thin SiO, film which is
located very close (<2 nm) to the Si/SiO, interface. By
means of capacitance-voltage (C-V) measurements at metal-
oxide-semiconductor (MOS) capacitors, the write perfor-
mance for charging of the NC’s with holes is studied. The
experimental data are compared with the write characteristics
calculated in a floating-gate-like approach, which enables a
prediction of the flatband voltage shift for write times of
microseconds or even below. It is shown that the measured
write characteristics allow one to evaluate very precisely the
distribution of the NC distance to the Si/SiO, interface. The
evolution of the mean distance during annealing is discussed
in terms of Ostwald ripening.

A 20 nm thick gate oxide was thermally grown on (100)
p-type Si (10 Q cm). Ton implantation of 12 keV "*Ge" ions
was performed at a dose of 5% 10'> cm™ at room tempera-
ture. After standard cleaning in H,O,/H,SO, rapid thermal
annealing was carried out at 950 or 1050 °C for 30 s in Ar.
MOS capacitors (A=0.1 mm?) were prepared by Al sputter-
ing, photolithographic patterning, and 400 °C furnace an-
nealing in N, for 15 min. The Ge NC distribution in the gate
oxide was characterized by scanning transmission electron
microscopy (STEM) using a high-angle annular dark-field

YElectronic mail: v.beyer @fz-rossendorf.de

0003-6951/2006/89(19)/193505/3/$23.00

89, 193505-1

(HAADF) detector (acceptance angle about 2.8°) in a FEI
Tecnai 20 FEG microscope operating at 200 kV. The write
characteristic is obtained by two sequenced negative gate
voltage pulses applied to the MOS capacitors, a program-
ming (-3 V=V,,,,=-8 V with duration of 3 ms<t,,,
<30s) and a smaller read pulse (|Vieu<|Vimog with
tread=1prog)» While the C-V data C(V,,q) were recorded to
obtain the flatband voltage shift AVpg.

Annealing during ion beam synthesis (IBS) of Ge NC’s
in thin SiO, films leads to a significant redistribution of the
as-implanted Ge profile towards the Si/SiO, interface.”® As
confirmed by STEM in Fig. 1, a layer of Ge NC’s forms in
the oxide close to the interface. The distance between the
NC’s and the Si substrate, i.e., the tunneling distance d,.,
varies between about 0.6 and 2.5 nm.

The transient charging dQyc/dt of the Ge NC’s (Qyc is
the effective charge density of the NC layer) is calculated in
a floating-gate-like approach“’9 according to

do T
TI\K:_(Zd%CNNC)JDT_JFN' (1)

For negative gate voltages and low applied oxide fields
(Esx<7 MV/cm) the Fowler-Nordheim tunneling current

Sio,

Ge-NC layer

FIG. 1. HAADF STEM image of the NC’s containing oxide (950 °C an-
nealing). The Ge NC’s are visible as bright spots.

© 2006 American Institute of Physics
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FIG. 2. (a) Comparison of the measured flatband voltage shift AV
(Vprog=—8 V) obtained for 950 °C annealing (M) with the simulated pro-
gramming characteristics for different spatial distributions of the Ge NC'’s,
(i) 1.0 nm<d,,<2.5 nm const, i.e., 0=0 (dotted lines) and (ii) dyy
=2.5 nm with 0.2 nm<o¢<0.6 nm (straight lines). The dashed line indi-
cates the best fit of the experimental result with d,,,=(1.6+0.5) nm and

wae="7-2' V. (b) The calculated distribution of d,, holds for a series of
transient programming characteristics with different programming voltages
Virog- The experimental data for the sample annealed at 1050 °C are shown
(O) together with a best fit for d,=(1.75£0.4) nm (V,,,=—8 V).

(Jpn) of electrons from the gate can be neglected. The NC’s
close to the Si substrate with size dyc and density Nyc are
charged by the respective direct-tunneling hole current den-
sity Jpr

E (_B[qs?,”—(qbb—|qvmx|)3/2]>, )

Jpr=A—= ex

. ¢b P |Et0x|
with A=g’my/ (87hm,,) and B=8m\2m,/(3hq). The tun-
neling barrier for holes from the emitting Si valence band is
¢dp,=4.5eV with an effective hole mass in the oxide
my,=0.32my, h is Planck’s constant, ¢ the elementary charge,
and m, the free electron mass. Quantum confinement of the
NC'’s is negligible as enough empty energy states are avail-
able for hole charging due to the relative band gap position
of Ge to Si and a quenched band gap of the Ge NC’s caused
by oxygen passivation.m The electrical field across the tun-
neling oxide is given by E,,,=V,./d,.x Whereas the voltage
drop across the tunneling oxide V,,, can be easily calculated
as usual for classical floating gate memories.*’

The self-organized formation of a Ge NC layer close to
the Si/SiO, interface by IBS is a statistical process of inter-
face mixing, phase separation, and Ge redistribution, leading
to a variable distance of the NC’s to the Si substrate. Thus, a
normalized Gaussian distribution of d,,, with a standard de-
viation of o is introduced. NC’s far in the oxide bulk are not
considered due to their long distance to the Si substrate. The
calculated programming characteristics for AVpg(7,diox,0)
~ One(?) (Refs. 4 and 9) are shown in Fig. 2 in comparison
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FIG. 3. Stack histogram of d, from the NC distribution in Fig. 1 with
diox=1.67 nm at an average (error+0.13 nm) obtained from 26 Ge NC’s
over a 120 nm image size. The calculated Gaussian-like best-fit distribution
of d,y, (1.6+0.5 nm) corresponding to Fig. 2 (950 °C) and, for comparison,
a mirrored log-normal distribution (dashed line) are shown.

to experimental data, i.e., AVeg=1(Vprog»Lproe)- The structural
NC parameters are derived from the TEM image in Fig. 1
(dne=2 nm and Nyc=3 X 10'2 cm™2 for the NC’s vicinal to
the Si substrate). Thus, a AVgg of =7 V corresponds to two
to three holes per NC. For a constant d,,, (0=0) the simula-
tions [see Fig. 2(a)] result in characteristics with a stronger
slope (dotted lines) compared to the measured data in a semi-
log plot. With increasing o the slope gets weaker. A fit of the
measured data leads to values of d,,,=1.6nm and
0=0.5 nm, which holds for all programming voltages [Fig.
2(b)]. The charging saturates for #,,,> 10 s for all character-
istics at AVeg max= Ve (Vgare 18 the gate voltage in the simu-

gate
lation). The constant difference to the experimental V., of

10,
=—(.8 V corresponds mainly to the work function difffl:)regnce
¢dys between the Al gate and the p-Si substrate. The assumed
Gaussian distribution of d,,, in the fitting procedure is a rea-
sonable approximation as confirmed by Fig. 3.

For a higher thermal budget, i.e., during annealing at an
enhanced temperature (1050 °C) or for a much longer an-
nealing time at 950 °C, d,,, grows and its distribution nar-
rows to dy,,=1.75 nm with 0=0.40 nm considering dyc and
Nxc to be constant [see Fig. 2(b)]. In case d,,, grows to the
debit of the NC size with stable Nyc, one gets
diox=1.72 nm for dyc=1.8 nm (0=0.40 nm is unaffected).
Such minor changes of d,,, during annealing can hardly be
recognized by STEM imaging which underlines the high
sensitivity of the electrical characteristics. This is due to the
fact that AVeg(#) is much more affected by the exponential
dependence in Jyr (1/E ~d,,) than by a change of dyc.

The evolution of d,,, is connected to the evolution of the
NC size which follows a diffusion controlled ripening pro-
cess (Ostwald ripening for t—o0) considering the substrate
as a crystal with infinite radius [the NC size distribution has
a log-normal shape in the early stage of the NC evolution
(Fig. 3)]. Solving Poisson’s equation for stationary diffusion
fields, the solute concentration ¢(r) leads, in an approxima-
tion for a medium consisting of N sources (monopoles) with
strengths (); (emitted atoms from the NC surface area per
second) and known location r;, to'1+12

oY
i (3)

+— :
47D |r -/

c(r) =¢,

The mobility of an emitted monomer in the medium depends
on the diffusion coefficient D. Like in electrostatics the dif-
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fusion field caused by a single NC with radius R and source
strength ); embedded in SiO; close to the Si/SiO, interface
(z 1s the distance of the NC center to the Si substrate) can be
calculated by an image source (), at distance —z within the
substrate (,=—(,). At the NC surface the monomer con-
centration is ¢(r;)=cg. A mean monomer concentration in
the matrix is close to the equilibrium solubility at the sub-
strate surface (c,=c..). These approximations together with
the continuiq{ equation (V, is the atomic volume of the
monomer)' > expressed by

0, =4WD(L) and —TFRZ—:—Q] 4)
(1/R) - (1/2z) V, dt
lead to the nonlinear differential equation

_ ddi
R*(1 =R/27) dt

dR
—==-DV,R.c.

dt ’ )

with respect to the linearized Gibbs-Thomson relation
cg=Co(1+R./R) (R, is the capillary length).° The evolution
of the NC size by attachment or detachment of monomers is
expressed by dR/dt, which is also proportional to the evolu-
tion of the tunneling oxide thickness (d,y=z—R). Typically
for Ostwald ripening, this leads to a decrease of the NC
radius as

R(1) = (R) = 3DV, R.c.t)' =~ 2y — dioy (1), (6)

whereas the NC volume [(R(7)%)] dissolves in the late stage
of ripening proportional to time. R is the initial NC radius at
an early stage (¢=0) after the NC’s have formed. With invari-
ant NC center position z; the NC’s dissolve with time in the
same way as the tunneling distance d,,, increases. The vari-
able ¢ is between 1 <£&<2 within the limits of z=d,,>R
and z— R (d,,,—0); i.e., the closer the NC’s are located to
the Si/SiO, interface, the faster they dissolve. In addition to
the interaction with the substrate, the NC’s compete with
each other in plane and above (Fig. 1). This enhances the
dissolution of small, close NC’s and stabilizes bigger, more
distant ones (both relative to the Si substrate). As a conse-
quence, d,,, grows and its distribution narrows with time

Journal Reprint
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which clearly confirms the experimental data and the respec-
tive model calculations.

The position of the storage nodes (here the Ge NC’s)
with respect to the Si substrate, i.e., the tunneling distance
d,x» Was derived from write characteristics with high preci-
sion exceeding TEM imaging capability. A close agreement
between experimental data and calculations based on a modi-
fied floating gate approach confirms direct tunneling as the
dominant charge transfer process. Possibly occurring trap-
assisted tunneling would be interpreted as a shortened d,y.
The general applicability of the model depends on the rel-
evance of, e.g., quantum confinement effects which is con-
nected to the NC material, density, and size. A higher thermal
budget during IBS leads to an increase of d,,, which is ex-
plained, in agreement with the theory of Ostwald ripening, to
be due to a dissolution of small NC’s close to the Si sub-
strate. This confirms the validity of the model calculations
according to experimental data with respect to multidot
memory device performance adjustment.
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The defect structure of Ge-implanted and annealed silicon was investigated. A stacked structure of
alternating layers of vacancy-type defects (cavities) and interstitial-type defects (dislocation loops)
was detected. These defects form a substructure within the basic dual structure consisting of a near
surface vacancy-dominated and a deeper interstitial-dominated region. The appearance of vacancy
clusters in the interstitial-dominated region and of dislocation loops in the vacancy-dominated
region indicates significant vacancy-vacancy and interstitial-interstitial clustering in addition to the
vacancy-interstitial defect recombination. The observed defect structure is in contrast to the widely
accepted +1 model which predicts the complete local recombination of ion-generated vacancies and
interstitials. Limits of the +1 model are discussed. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2186068]

Numerous studies were performed to investigate the re-
sidual damage in ion-implanted and annealed Si. Previous
investigations showed, in addition to the damage generation
by ion energy deposition, a spatial separation of the ion-
induced vacancies and interstitials due to the forward mo-
mentum of jons.'® The resulting defect structure can be ex-
plained by the so-called +1 model which assumes the
complete local recombination of ion-generated vacancies and
interstitials.*’ According to this model the damage state after
annealing is characterized by the implanted atoms (+1), by
excess vacancies which remain after the complete vacancy-
interstitial recombination in the depth region around half of
the mean projected ion range (Rp) and by excess interstitials
remaining in the region at Rp. So far, evidence for the +1
model was always based only on the observation of
interstitials.>’ Vacancy clusters are difficult to observe
directly.4’5 Clusters with a number 10=n=<20 of vacancies
were detected in ion-implanted Si at the depth of 1/2Rp by
positron annihilation spectroscopy (PAS)." Larger vacancy
clusters with diameters of d=2 nm (n=220) were visual-
ized by cross-sectional transmission electron microscopy
(XTEM) applied on cleaved specimens.'' In addition, Cu or
Au atoms, intentionally incorporated into ion-implanted Si,
are preferentially trapped by vacancy clusters.**® The Cu
depth profile measured by secondary ion mass spectrometry
(SIMS) closes the gap of vacancy cluster detection for clus-
ter sizes 20=n=<220 and agrees very well with PAS and
XTEM results.'™'? Cu profiles can be taken as an excellent
marker for vacancy defects despite the fact that a fraction of
Cu is also trapped at the open volume related to interstitial
defects.'”

In the present study, both interstitial-type and vacancy-
type defects are investigated in more detail. Ge ions were
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implanted with ion energies of 750 and 900 keV to fluences
between 2.5X10"™ and 1X10% cm™ into n-type
Cz-Si (100) substrates (1-5 ) cm). Implants were per-
formed at room temperature with ion current densities of

abs (I-V) /ion (A)"
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FIG. 1. Overlays of Cu depth distributions (arb. units, right scale) for Si
samples implanted with 750 keV Ge ions to 2.5X 10'* cm™ (a) and 5
X 10" ¢cm™ (b) after annealing of 900 °C, 30 s and the corresponding bright
field XTEM images of cleaved specimen after annealing of 30 min. The
weak beam micrograph inset in Fig. 1(b) (top left) shows dislocation loops
close to the surface as bright spots. The calculated depth distribution of
excess defects, the difference of interstitials and vacancies, is indicated in
Fig. 1(a) (black line). The excess defect profile also includes the +1 atom.

© 2006 American Institute of Physics
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7.7X10° em™2s™! (750keV) and 1.5X 10" cm™2s7!
(900 keV). The samples were annealed at 900 °C for 30 s or
30 min in Ar ambient and subsequently contaminated with
Cu by implantation of 3 X 10'3 cm2 with 20 keV ion energy
into the sample rear side. Cu atoms were redistributed
throughout the sample by a thermal treatment of 700 °C for
3 min with reproducible cooldown cycle. Analysis of the
samples (without Cu) was performed by x-ray diffraction and
by XTEM as described elsewhere.'! The Cu profiles were
determined by SIMS.

Figure 1 shows overlays of Cu depth profiles after an-
nealing at 900 °C for 30 s and XTEM micrographs taken
after annealing for 30 min to have larger dislocation loops.
In this way the depth distributions of interstitial-type defects
(dislocation loops) and vacancy-type defects (Cu profile) can
be compared. The results for the lower Ge fluence [Fig. 1(a)]
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correspond with the calculated excess defect distribution
(black line) representing the +1 model.® The peak ratio of the
Cu peaks, the 1/2Rp gettering peak and the Rp peak, is op-
posite to the calculated excess defect concentrations. This
reflects the significantly higher gettering efficiency of va-
cancy defects at 1/2Rp. In the case of the higher Ge fluence
the TEM investigation reveals small amorphous islands in Si
after implantation. However, no continuous amorphous layer
was formed. There are some more gettering peaks in the Cu
profile [Fig. 1(b)], one just at x=0.4 wm where the calcula-
tion shows no excess of vacancies or interstitials. The XTEM
image in Fig. 1(b) demonstrates that the dislocation loops
split in two layers. The Cu peaks at x=0.4 and 0.65 um
appear just alongside the dislocation loop layers. Some dis-
location loops were also observed close to the surface at
x=0.05-0.15 um where they are admixed within the
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FIG. 2. Comparison between Cu depth distribution (arb. units, right scale) and strain profile (Ad/d, left scale without axis title) in Si after Ge ion implantation
with 900 keV, 1 X 10'5 cm=? and annealing at 900 °C for 30 s and the profile of excess defects (I-V), calculated according to the +1 model (a). The bright field
XTEM micrograph of cleaved specimen taken in (220) two beam case shows an overview of the distribution of interstitial-type dislocation loops (b).
Micrographs taken in higher magnification, kinematical conditions, underfocus (c) show cavities as bright spots with dark ring for different depth regions

corresponding to the Cu peaks labeled in Fig. 2(a).
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FIG. 3. Scheme of damage evolution during implantation vs the accumu-
lated defect generation normalized by the amorphization level (Z: defect
generation per ion, ®: ion fluence). Defect reactions controlling the defect
state after annealing are indicated in the four different sections. In the defect
clustering section the +1 model is not valid. The defect state is controlled
by vacancy and interstitial clustering in addition to vacancy-interstitial re-
combination. The straight dotted line indicates the path of damage accumu-
lation without in situ dynamical annealing. The dashed line represents the
path of damage saturation.

vacancy-dominated region. These defects are inhomoge-
neously distributed in the sample and are better visible as
bright spots in the weak beam micrograph inset. The results
in Fig. 1(b) do not correspond with the +1 model. Experi-
mental results for another sample are compared in Fig. 2
with the calculated as-implanted excess defect distribution
(I-V). The strain profile, Ad/d, [Fig. 2(a)] agrees with the
dual layer structure of the (/-V) distribution. The XTEM im-
age [Fig. 2(b)] shows a layered arrangement of dislocation
loops. No loops were observed in the vacancy region. How-
ever, four Cu peaks in the Cu profile [labeled I.-IV. in Fig.
2(a)] indicate a more complicated layering of the defects.
Cavities were found in the regions of three Cu peaks by
XTEM investigations [Fig. 2(c)]. The diameters of cavities
were about 2.5 nm in the depth region / and were increased
to maximum values of 5 nm in region /1. The cavity density
was reduced by 25% in this case. The concentration of va-
cancies bound in the cavities at Cu peak II is cy=3.6(x1)
X 10" cm™, a value higher than the calculated average of
excess vacancy concentration of cyy=2.4% 10" cm™. Few
cavities [Fig. 2(c) arrow] were observed at Cu peak Il (x
=0.7 um) between the dislocation loops. Cavities are sup-
posed to be clusters of the excess vacancies [dislocation
loops are “clusters” of interstitials on (111) planes].s’6 The
appearance of such defects in the excess defect “free” region
and even more the appearance of cavities in the excess inter-
stitial region or of interstitials in the excess vacancy region
[Fig. 1(b)] is in contradiction to the complete local defect
recombination predicted by the +1 model. Vacancy cluster-
ing inside the excess interstitial region indicates incomplete
vacancy-interstitial ~ recombination.  Vacancy-type and
interstitial-type defects in alternating layers or their mixing
can be explained by coupled defect reaction processes. Cavi-
ties consume vacancies and dislocation loops consume inter-
stitials. One process reinforces the other. The cavities in the
excess defect free region at x=0.45 um in Fig. 2(c) are
larger than those in the vacancy-dominated region because of
the proximity of interstitial-type defects. Such effects modify
the implantation related dual structure of only one vacancy-
dominated and one interstitial-dominated layer. The onset of
substructure formation proceeds for a sufficiently high defect
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density, but without the formation of an homogenous amor-
phous layer. The atomic density of an amorphous island sur-
rounded by solid crystalline bulk Si is different depending on
whether it is formed in vacancy-rich or interstitial-rich ma-
terial. Amorphous island formation conserves excess defects
as the recrystallization of such amorphous islands restores
the excess of vacancy or interstitial defects. The volume frac-
tion of the amorphous regions could not be related to the
excess defect formation.

Another process potentially forming a substructure of
the defect profile is Ostwald ripening, but this process pro-
ceeds during longer annealing times and does not cause a
spread out of defects.”"?

A scheme for the increase of damage versus the defect
concentration is shown in Fig. 3. The main variable is the
accumulated defect concentration, Z®, where Z(x) is the de-
fect generation rate (vacancies per ion) and ® is the ion
fluence.'* Z® is normalized to the amorphization level
(Zd), to eliminate the dependency of other parameters as
implantation temperature and ion current density which are
held constant. The damage level during implantation either
proceeds toward saturation (dashed line) or to progressive
damaging and bulk amorphization.14 For medium defect den-
sities the local vacancy-interstitial recombination as the
dominating process is almost completed when dislocation
loops and cavities subsequently form. The +1 model is valid
in this case. The lower limit of the defect recombination
region at (Z®P)/(Z®),=0.05 in Fig. 3 is taken according to
Ref. 15. The process window in which vacancy and intersti-
tial clustering proceeds simultaneously with defect recombi-
nation is estimated to be in therange of 0.5<(Z®)/(Zd),
=< 1. After completing the bulk amorphization, annealing pro-
ceeds via epitaxial layer recrystallization. The remaining de-
fect structure (end of range defects) is controlled again by the
+1 model.”
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Channeling implantation of Ga into Ge is performed at two very different ion fluxes (10'> and
10" em™2 s71), at two temperatures (room temperature and 250 °C), and at five different fluences.
The fluence dependence of the range profiles and of the implantation damage is strongly influenced
by defect accumulation and dynamic annealing. At 250 °C, the maximum lifetime of the defects is
less than 10 s. On the other hand, at room temperature no significant annealing is found within the
first 10 s after ion impact. The measured Ga depth profiles are reproduced very well by atomistic
computer simulations. © 2006 American Institute of Physics. [DOI: 10.1063/1.2360238]

In the past, the lack of a stable oxide on germanium and
the inability to epitaxially grow thick germanium layers on
silicon were serious obstacles to the integration of germa-
nium into the mainstream Si-based technology. Recent ad-
vances, such as high-« dielectrics' and germanium-on-
insulator substrates,” have made germanium a promising
candidate for future high-mobility devices. For these reasons,
electrical doping of germanium by ion implantation and sub-
sequent annealing has drawn a renewed interest.” The un-
derstanding of ion-beam-induced defect evolution in germa-
nium is crucial for the application of this method. In this
letter, the competing influence of ion flux and implantation
temperature on the evolution of implantation damage is in-
vestigated. Compared to similar studies in the past,6’7 the
present work contains a number of new aspects: A focused
ion beam (FIB) system is employed, which enables the
use of ion fluxes that differ by seven orders of magnitude.
The ions are implanted into a channeling direction, since in
this case both the range and the damage profiles show a
significant dependence on the defect evolution. The experi-
mental results are discussed qualitatively, considering the ac-
cumulation, the annealing, and the lifetime of defects. The
measured range profiles are reproduced by atomistic com-
puter simulations.

The IMSA-Orsay Physics FIB system was used to per-
form 30 keV Ga* implantation into n-type (001) Ge. The
direction of the ion beam was equal to the [001] axial chan-
nel direction of the Ge substrate. The FIB spot had a diam-
eter of about 50 nm, and the beam current was 50+2 pA.
Averaged over the intensity distribution within the beam
spot, this corresponds to an ion flux of about 10" cm™2s7".
During the FIB implantation, the beam was scanned
meanderlike® over an area of 300X 300 pm?. The scan was
performed step by step with a certain pixel dwell time (PDT)
and with a distance between the centers of the pixels of about
70 nm. Here the term pixel denotes the region irradiated by
the FIB spot during one step. Because of the small pixel size
and the high thermal conductivity of Ge, the heating of the
sample due to the FIB implantation can be neglected.9
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The FIB implantation was performed at room tempera-
ture (RT) and at 250 °C using fluences between 5 X 10'? and
5X 10" cm™. Changing the PDT and/or the area over which
the beam is scanned allows a wide variation of the ion flux
which is effectively employed in the implantation. Two ex-
treme cases were studied: (i) Each pixel was irradiated only
once at the nominal flux of 10" cm™s~!, and the desired
fluence was achieved by varying the PDT. (ii) A constant
PDT of 1 us was used, and many repetitions of the beam
scan yielded the desired fluence. In this case the effective
flux was estimated in the following manner. For a single ion
impact, the lateral cross section oy of a region with signifi-
cant primary defect production was calculated by oy
=S,/E., where S, and E_ are the nuclear stopping cross sec-
tion and the critical nuclear energy deposition (per atom) for
defect formation, respectively.'o The value of E, should be
lower than the nominal displacement threshold E,; since most
atomic displacements are formed in a region of a collision
cascade where the target structure is no longer perfect.
Assuming that E,=0.25E, (cf. Ref. 10) and a displacement
threshold of 15 eV (cf. Refs. 11 and 12), the size of oy

is about 10 nm?. Consequently, at the nominal flux of D

=10" cm™2s~!, the average time 7,=1/Do; between con-
secutive ion impacts into the same region is about 1 us. That
means that during the given PDT the overlap of regions with
defects produced by different ions is not very probable.
Therefore, the effective ion flux can be estimated by the
division of 10" cm™2s™! by the total number of pixels
formed during the beam scan, leading to a value of about
10" cm™2 s,

The Ga range profiles were determined by secondary ion
mass spectrometry (SIMS) at Evans Analytical Group em-
ploying a PHI Quadrupole instrument. The implantation
damage was measured by channeling Rutherford backscatter-
ing spectrometry using a 3 MeV He* microbeam with a di-
ameter of about 100 um (micro-RBS/C)."*" The continu-
ous lines in Figs. 1(a) and 1(b) show the measured Ga range
profiles for the two widely different effective ion fluxes and
for an implantation temperature of 250 °C. In the case of the
high ion flux, the shape of the Ga depth profiles changes with
increasing fluence, i.e., the peak region shows a stronger in-
crease with fluence than the tail. This behavior is caused by
the enhanced dechanneling of the incident ions due to the

© 2006 American Institute of Physics
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FIG. 1. Depth profiles of Ga obtained by 30 keV implantation into the [001]
channeling direction of (001) Ge at 250 °C and at two widely different ion
fluxes: 10" cm™?s~! (a) and 10'2 cm™2 57! (b). The black lines and the gray
histograms show the SIMS data and the results of CRYSTAL-TRIM simulations,
respectively.

accumulation of radiation damage. On the other hand, at the
low ion flux the shape of the Ga range distributions is inde-
pendent of the fluence, which is a clear indication for a com-
plete dynamic annealing of the most relevant defects. The Ga
depth distributions obtained at RT do not depend on the ion
flux (Fig. 2). The fluence dependence of the profile shape
shows that damage accumulation occurs during the implan-
tation. From the micro-RBS/C spectra the relative disorder
was determined by the normalization of the integral over
the damage depth profile to the corresponding integral ob-
tained at random incidence.'® The results shown in Fig. 3
confirm the interpretation of the range distributions given
above. Independent of the ion flux, at RT the implantation
damage accumulates until the amorphization threshold of
about 10'* cm™ is reached. At 250 °C and a flux of
10" cm™2 57!, the amorphization occurs at a higher fluence
(5x 10" cm™). At a flux of 10'> cm™2 s™!, dynamic anneal-
ing prevails. In this case, the calculation method described
above yields 10 s for the average time between consecutive
ion impacts into the same target region, whereas this time is
equal to 1 us for the high ion flux. Consequently, at 250 °C

1018

concentration (cm
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L i 1 i i i i
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FIG. 2. Ga range distributions for RT implantations at 10" cm™2s~!. The
profiles determined for the case of the low ion flux (10> cm™2s7!) are

nearly identical. The meaning of lines and histograms is the same as in
Fig. 1.
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fluence (cm2)

FIG. 3. Dependence of the relative disorder on the implantation fluence. The
symbols show the data obtained from micro-RBS/C (squares: RT; triangles:
250 °C; black: 10" ecm™2s7!; gray: 10'2 cm™s7!). The lines have been
drawn to guide the eye.

the lifetime of the most relevant defects is less than 10 s,
whereas at RT it is much higher than 10 s. On the other hand,
at 250 °C and for an ion flux of 10! cm™ s~ some anneal-
ing occurs already within the first microsecond after an ion
impact. The dechanneling of the implanted Ga* ions and the
analyzing He* ions is mainly caused by defects that lead to
significant lattice distortions, such as defect complexes and
amorphous pockets. That means that some point defects may
still exist for longer times and at higher temperatures than
discussed above. The dynamic annealing observed in this
work is mainly related to short-range recombination pro-
cesses within the region of a collision cascade, such as close
Frenkel pair annihilation, rearrangement of defect com-
plexes, and recrystallization of amorphous pockets. The
present data and their interpretation are consistent with pre-
vious results of Haynes and Holland®’ who investigated the
temperature and flux dependence of the implantation damage
in a similar temperature range and for low fluxes between
10" and 10" cm™2 s,

The CRYSTAL-TRIM code was used to simulate the mea-
sured Ga depth profiles. The details of this program were
already described elsewhere.'!""® In the following, only the
values of certain parameters are given, and the modeling of
the damage buildup is discussed. On top of the (001) Ge
substrate an amorphous Ge layer of 2.5 nm thickness was
assumed. This layer models the deviation from the bulk
atomic order in the vicinity of the surface. The parameters Cy
and C,; used in the model for the electronic energy loss of an
incident ion'” had the following values: C,=0.9 and Cy=1.
The first parameter is employed to calculate the electronic
energy loss averaged over all impact Parameters, using the
stopping cross section of Ziegler et al. ? The second param-
eter describes the impact-parameter dependence of the elec-
tronic energy loss in a modified Oen-Robinson model.'"** A
further parameter is the Debye temperature used in the model
for the thermal displacements of the atoms. Similar to the
case of Si (Ref. 21), the value of 290 K used for Ge is about
20% lower than the Debye temperature given in textbooks.
This difference is related to the simplified description of the
lattice vibrations. The case of complete dynamic annealing
was simulated with the parameter values given above. The
results are shown by the histograms in Fig. 1(b). A very good
agreement with the SIMS profiles is obtained. In the
CRYSTAL-TRIM code the damage buildup is described by a
simple model which relates the nuclear energy deposition per
target atom E’,: and the probability p, that the implanted ion
collides with an atom of a damaged region.10 The first quan-
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FIG. 4. Schematic representation of the quantity C, which is as a measure of
the normalized damage level (related to the nuclear energy deposition per
target atom) formed after a single ion impact, for Ga implantation into Ge
(a) as well as for Ge implantation into Si (b) and SiC (c) (Ref. 10). The
symbols show the values of C,. The lines have been drawn to guide the eye.
On the abscissa both the ion flux and the time between successive impacts
into the same target region are shown.

tity can be calculated exactly considering the ballistic pro-
cesses. It increases monotonically during the implantation.
The quantity p, characterizes the damage level and depends
on Eﬂ, the ion species, the target temperature, and the ion
flux. E‘: and p, are local quantities, i.e., their values vary in
dependence on the considered volume element of the target.
For low values of Eﬁ the damage probability p, increases
linearly with £ (p,=C,E?). The local region is amorphized
(py=1) if p, exceeds the threshold p, (p,<1). C, and p,
depend on the ion mass, the temperature, and the flux.'® Note
that the two model parameters are independent of fluence
and energy. For the RT implantation of Ga into Ge, C,
=26.7 meV~! and p,=0.2 are assumed, whereas for 250 °C
and 10" cm™2s7!, the values C,=6.67 meV~' and p,=0.2
are used. In the latter case, C, is smaller because of the
partial dynamic annealing. Figures 1(a) and 2 illustrate that
using the simple damage buildup model, the measured SIMS
profiles can be reproduced very well. The experimental val-
ues for the amorphization fluences are also reproduced.

The parameter C, can be considered as a measure of the
normalized damage level (related to the nuclear energy depo-
sition per target atom) formed after a single ion impact. Fig-
ures 4(a)-4(c) compare the values of C, used in this work
with data for Si and SiC published recently.10 Note that the
comparison is only possible since the mass of the Ge ions
used in Ref. 10 is nearly equal to that of the Ga ions and
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since the ion fluxes are similar. Therefore, the defect behav-
iors in the time interval between 10 us and 10 s after an ion
impact can be compared. The schematic representation in
Fig. 4 shows that at RT the dynamic annealing of Ge and SiC
is negligible and that for Ge the value of C, is higher than
that for Si and SiC. On the other hand, at RT the normalized
damage level in Si diminishes faster than at 250 °C. In the
case of Ge, the value of C, decreases more rapidly with
temperature and within a narrower temperature range than
for Si and SiC. The explanation of the difference between the
three target materials is related to the kinetics of the different
defect types formed by a single ion impact. The understand-
ing of these processes could be essentially improved if not
only two widely different but a variety of ion fluxes would
be considered at given temperatures. In this manner, the de-
fect level at different times after an ion impact could be
determined, and important information about unknown de-
fect recombination and migration barriers could be obtained.

The authors thank C. Magee and M. S. Denker (Evans
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comments.
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Increase of blue electroluminescence from Ce-doped SiO, layers through

sensitization by Gd3* ions
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Efficient blue electroluminescence peak at around 440 nm with a maximum output power density of
34 mW/cm? was obtained from Ce and Gd coimplanted metal-oxide-semiconductor light emitting
devices. Energy transfer from Gd** to Ce?* ions was observed during the excitation process, leading
to a more than threefold increase of the external quantum efficiency of the blue Ce** luminescence
up to 1.8%. This is evidenced by the increase of the excitation cross section of Ce** ions from
48X 10713 t0 3.5X 10712 cm? and the simultaneous reduction of the decay time and the impact
cross section of Gd** ions. © 2006 American Institute of Physics. [DOIL: 10.1063/1.2338892]

Silicon based light emitters in the visible and ultraviolet
(UV) are attractive for possible applications in integrated
systems of solid-state microlighting, microdisplays, interchip
optical coupling, and biological agent detection. Efficient
green and UV electroluminescence (EL) at 543 and 316 nm
has been demonstrated from metal-oxide-semiconductor
light emitting devices (MOSLEDs) incorporating Tb and Gd
implanted thermally grown SiO, layers.l’2 Blue EL from 5d
-4f transitions of Ce** in Si0, MOSLED:s has been reported
as well.” However, the observed quantum efficiency is usu-
ally still not so high (~0.5%) due to the susceptibility of the
5d states of Ce>* ions (which are more extended than the 4f
states) to the host lattice environment, which implies a strong
phonon coupling and larger linewidths. Ce** plays an excep-
tional role among the rare-earth ions, since it has no intra-4f
transitions in the visible; it is rather the interconfigurational
5d-4f transition that occurs in the blue (or UV, depending on
the host material). In contrast to the intra-4f transitions
which are dipole forbidden and thus exhibit a long (millisec-
onds) lifetime, the 5d-4f transition is dipole allowed with a
much shorter radiative lifetime, which is an important feature
for fast modulation speed in optical devices and in scintilla-
tors. In this letter we demonstrate that the blue EL efficiency
from Ce* ions increases from 0.5% to 1.8% after coimplan-
tation of Gd** ions in SiO, layers. The changes of the lumi-
nescence decay time and excitation cross sections of Ce**
and Gd** with energy transfer are investigated in detail.

Samples were prepared by silicon MOS technology on
4 in. (001) oriented n-type silicon wafer with a resistivity of
2-5 Q cm. The structures were fabricated by local oxidation
of silicon with gate oxide and a field oxide thickness of
1 um. The active layer in the gate oxide is a 100 nm thick
thermally grown SiO, layer. The whole wafer was implanted
with Ce™* ions at 100 keV, which generates a Ce profile with
a maximum concentration of 1% at 46 nm below the surface
of the SiO, layer, then three quarters of the wafer were im-
planted with the same energy of Gd* ions at different con-
centrations of 0.5%, 1.5%, and 3.0%, leaving one quarter

Y Author to whom correspondence should be addressed; electronic mail:
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0003-6951/2006/89(9)/091908/3/$23.00

89, 091908-1

with Ce* implantation only. Reference samples implanted
with Gd* ions only were also prepared with the same implan-
tation energy and concentrations. The implantation was fol-
lowed by furnace annealing at 900 °C in flowing N, for
30 min, and then a 50 nm SiON layer was deposited on the
active layer by plasma-enhanced chemical vapor deposition
followed by another annealing step. Finally, the gate elec-
trode consisting of a 100 nm transparent indium tin oxide
layer was deposited by rf sputtering.

EL spectra of the MOSLED structures with a circular
indium tin oxide electrode of 500 wm diameter were mea-
sured at a constant current of 30 nA. Details of the experi-
mental setup were described in Ref. 1. PL and PL excitation
spectra were also measured with the same system using a
75 W xenon lamp as an ultraviolet light source. The decay
time of the EL was measured with a multichannel scaler
(Stanford Research System SR430, minimum time resolu-
tion: 5 ns) after the excitation with 2 us voltage pulses.

Figure 1 shows the EL spectra from the MOSLEDs mea-
sured on different areas of one wafer with a Ce concentration
of 1% and different concentrations of Gd ions of 0.5%, 1.5%,
and 3%. The average electric field in the SiO, layers was
around 8.5 MV/cm. The spectrum from a reference sample
implanted with 1.5% Gd only was also measured for com-

2000 1=30 yA 1% Ce+ 3.0% Gd
— 5 s --=-1%Ce+ 1.5% Gd
= cd Cer 1% Ce+ 0.5% Gd
5 1500f X110 —-=--1% Ce only
_E .............. 150A) Gd only
&
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v ..
@ e
£ s00f e L
o | .

0 —'r"’1 #iT Y I 1
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FIG. 1. EL spectra from MOSLEDs with a 100 nm SiO, layer implanted
with the same Ce concentration of 1% and different concentrations of Gd
sensitizers of 0.5%, 1.5%, and 3%, measured on different parts of one wafer.
The spectra from a reference sample implanted with 1.5% Gd only were also
measured for comparison.

© 2006 American Institute of Physics
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FIG. 2. EL output power density of the UV peak from Gd** ions at 316 nm
(squares) and the blue peak from Ce3* at 440 nm (triangles) vs the injected
current density of three samples implanted with 1.5% Gd (hollow squares),
1% Ce+1.5% Gd (solid symbols), and 1% Ce (hollow triangles). The insert
is the quantum efficiency of the blue EL peak from Ce** ions with different
concentrations of Gd sensitizers.

parison. All devices implanted with 1% of Ce show a broad
peak at 440 nm resulting from the 4f °5d" to *F,,, and *Fs,,
transitions of the Ce* ions in Si0,, which is similar to the
PL spectra of Ce-doped Gd,SiOs cryst.alls.d"5 The EL spectra
from Gd implanted samples show a sharp UV peak from
6P7/2 to 857/2 transitions of Gd** ions.>® The blue EL peak
from the Ce** ions increases more than three times upon
increasing the coimplanted Gd concentration up to 3% com-
pared to the sample implanted with Ce only. At the same
time, the UV peak from Gd** ions is reduced by more than
one order of magnitude in the Ce and Gd coimplanted
samples compared to the reference sample only implanted
with 1.5% Gd. This already indicates an energy transfer from
Gd** to Ce* ions.

Figure 2 shows the integrated EL output power density
of the UV emission from Gd** and the blue emission from
Ce3* versus the injected current density of three samples im-
planted with 1.5% Gd, 1% Ce +1.5% Gd, and 1% Ce. Over
the whole range, the EL power density of the 440 nm blue
peak from Ce** ions (solid triangles) is higher compared to
the one without Gd* implantation (hollow triangles). The ex-
ternal quantum efficiency of the blue EL increases from
0.5% to 1.8% with increasing the coimplanted Gd concentra-
tion up to 3% (as shown in the insert), while the UV peak of
Gd** ions from the sample coimplanted with 1% Ce is
quenched by one order of magnitude compared to the sample
implanted with 1.5% Gd only. At low current density, the EL
power from both blue and UV peaks increases linearly with
increasing injection current density, then the UV peak satu-
rates, while the blue peak still increases further. As a result
the blue emission shows a much higher maximum EL power
density of ~34mW/cm? than the UV emission
(2 mW/cm?).

The energy transfer process is evidenced by the time
resolved measurements. Figure 3 shows the normalized de-
cay curves of the EL from the blue and the UV peaks after a
2 us current-pulse injection. The inset shows the decay time
(determined as the time at 1/e of the initial intensity). For the
samples only implanted with Gd at concentrations of 0.5%,
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FIG. 3. Normalized EL decay curves of the blue peak at 440 nm from Ce**
ions and the UV peak at 316 nm from Gd** ions after a 2 us current-pulse
injection. Samples are implanted with a Ce concentration of 1% only and
coimplanted with different concentrations of Gd sensitizers of 0.5%, 1.5%,
and 3%. The reference samples are implanted with Gd only at concentra-
tions of 0.5%, 1.5%, and 3%. The insert shows the decay time (determined
as the time at 1/e of the initial intensity) of the Gd** UV line at 316 nm as
well as the decay times of the fast component 7; and the slower component
7, of the blue peak at 440 nm from Ce’* ions.

1.5%, and 3%, the decay curve at 316 nm shows a nearly
single exponential decay with the decay time slightly in-
creasing from 1.43 to 1.66 ms. This is probably due to a re-
duction of the nonradiative recombination by filling of the
vacancies in SiO, with rare-earth atoms. When these samples
are coimplanted with 1% additional Ce, the decay time of the
Gd** line drops down to the range of 280400 us, but still
shows a slight increase with Gd concentration.

For the blue Ce** peak at 440 nm in the Gd coimplanted
samples, the decay process is similar to the behavior of the
blue luminescence of Gd,SiOs: Ce scintillator excited by UV
light or y mys.7 It consists of a fast and an unusual, slower
component with the decay times 7; and 7,. The fast process
with a decay time of 7,=75 ns (not discernible in the main
picture; see inset) is determined for the sample implanted
with 1% Ce only. This fast decay component can be attrib-
uted to 5d-4f transitions of the directly excited Ce** ions by
hot electrons and is similar to the lifetime of the Ce** lumi-
nescence in other host materials.* The decay time 7; drops
down to 60 ns followed by an increase of a slow component
with increasing the coimplanted Gd concentration. This slow
component 7, increases form 70 to 110 us for Gd concen-
trations of 0.5%-3%, following the same tendency as the UV
Gd3* line. Therefore the slow decay is probably related to an
indirect excitation by energy transfer from the Gd** to the
Ce* ions.” This additional energy transfer mechanism in-
creases the total relaxation rate of the electrons at the excited
states of Gd** ions, and so explain the drop of the decay time
of the band at 316 nm (squares and circles in the insert). Due
to the still relatively long lifetime of the excited state of
Gd3*, the Ce** ions are populated in a delayed way, thus a
long decay component is observed for the 440 nm blue band.

The product of the excitation cross section and the over-
all lifetime is evaluated by fitting the dependence of EL in-
tensity versus injection current density for the blue and UV
peaks from the Ce’* and Gd** ions,® respectively. The exci-
tation cross sections of the EL from Gd** ions were calcu-
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FIG. 4. PL excitation spectrum of Ce** ions monitored at 440 nm and PL
emission spectrum of Gd** ions, measured on the same sample (coimplanted
with 1% Ce and 1.5% Gd).

lated from the measured EL decay times. For the device im-
planted with Gd only, the excitation cross section of Gd**
slightly increases from 2.8 to 7.4X 107! cm? with increas-
ing the Gd concentration from 0.5% to 3%. For the device
implanted with 1% Ce only, the excitation cross section of
Ce’* calculated using a decay time of 75 ns is as large as
4.8% 10713 cm?. Whereas in the Ce and Gd coimplanted
samples the coimplantation of the Gd* sensitizers causes a
strong increase of the excitation cross section of Ce** up to
3.5X 1072 cm?, while the excitation cross section of the
Gd>* emitters reduces to (1.3—1.6) X 1075 cm?.

The possible energy transfer path from Gd** to Ce** ions
was studied by the excitation spectra of the Ce** ions in the
SiO, layer, as shown in Fig. 4. The excitation spectrum of
blue Ce3* peak shows a maximum at around 300-310 nm,
which overlaps with the °P., to 85, transition of Gd** ions.
This provides a resonant energy transfer from 6Pi states of
Gd** to the 5d levels of Ce’* ions. In addition, we also
investigated the microstructure of the samples containing
1.5% Gd after annealing at different temperatures from
800 to 1000 °C. We found that the implanted rare-earth at-
oms experienced a preclustering state with small rare-earth-
rich clusters of the size of 2—5 nm after annealing at 900 °C
for 1 h.® This spatial vicinity may increase the possibility of
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energy transfer from the Gd to the Ce ions. Finally, we pro-
pose a transfer mechanism of excitation energy to Ce** in the
Gd coimplanted MOSLEDs. Under high-electric-field injec-
tion, hot electrons in the conduction band of SiO, gain an
average energy above 4—5 eV by electric-field acceleration.”
The electrons in the ground state 8S7,2 of the Gd** ions are
excited to °P , energy levels by the hot electrons. Since the
transition energy of the °P,~%S,, transition overlaps with
the 5d excitation band of Ce* ions and due to the relatively
long life time of the former, this resonant energy transfer
from the ®P,,, Gd** level to the 5d Ce** level may efficiently
increase the excitation of the blue luminescence band.

In summary, an increase of blue EL has been obtained
from Ce and Gd coimplanted indium tin oxide/
Si0,:Gd:Ce/Si MOSLEDs. An efficient, resonant energy
transfer from Gd>* to Ce* ions was observed during the EL
excitation process in the SiO, layers, which leads to an in-
crease of the excitation cross section of the blue Ce** lumi-
nescent ions.

The authors would like to thank J. Winkler and F.
Ludewig for the ion implantation, H. Felsmann, C. Neisser,
and G. Schnabel for the processing of the MOS structures,
and A. Miicklich for the transmission electron microscopy
analysis.
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Quadratic autocorrelation of free-electron laser radiation and photocurrent
saturation in two-photon quantum well infrared photodetectors
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Using the free-electron laser facility FELBE, the authors have studied the influence of the intensity
on the quadratic autocorrelation measured with two-photon quantum well infrared photodetectors
(QWIPs). At high illumination powers, the shape of the autocorrelation trace is affected by
photocurrent saturation of the two-photon QWIP. They describe the saturation mechanism by
different analytical models taking account of the photocurrent nonlinearity in analogy to linear
QWIPs and give conditions where true quadratic behavior can be observed. While these studies
were carried out at 77 K, properties of two-photon QWIPs at room temperature will also be
addressed. © 2006 American Institute of Physics. [DOI: 10.1063/1.2357936]

Quantum well infrared photodetectors (QWIPs) have de-
veloped into a mature technology for thermal imaging, and
extensive theoretical and experimental studies have been
performed.l Further possible applications of QWIPs rely on
their high electrical bandwidth, which makes them useful for
heterodyne detection” and for monitoring short optical
pulses.3 Even better time resolution in the subpicosecond re-
gime has been achieved by quadratic detection, which ex-
ploits two-photon absorption involving a virtual* or a real>®
intermediate state. For the latter approach, we use n-type
quantum wells with three equidistant levels, namely, two
bound subbands and one continuum resonance (see inset of
Fig. 1). Two infrared photons are thus necessary to excite an
electron out of the well, such that the resulting photocurrent
depends quadratically on the incident power. We have con-
vinced ourselves previouslys’6 that these three levels are en-
ergetically equidistant. Autocorrelation measurements of
weak subpicosecond midinfrared pulses have revealed sub-
picosecond population relaxation (~0.5 ps) and dephasing
(~0.1 ps) times,” which makes two-photon QWIPs very
promising for pulse monitoring.

For quadratic detection, a ratio of 8:1 is expected be-
tween the measured photocurrent for zero time delay and for
temporally separated pulses in the case of interferometric
autocorrelation and 3:1 for intensity autocorrelation.’ There-
fore, the observed shape and the interpretation of autocorre-
lation traces will be influenced by photocurrent saturation. In
fact, it is well known from linear QWIPs that screening of
the electric field can give rise to photocurrent nonlinearities
even at low excitation power.7’8

In this letter, we exploit two-photon QWIPs for autocor-
relation measurements of midinfrared laser pulses from the
free-electron laser (FEL) facility FELBE at the Forschung-
szentrum Rossendorf,” and study the intensity dependence of
the measured autocorrelation signals. Our results indicate
that the observed saturation behavior is caused by internal
space charges rather than capacitive discharging or absorp-
tion saturation. In addition, we explore detection properties

YElectronic mail: h.schneider@fz-rossendorf.de
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of two-photon QWIPs at room temperature, where a linear
photocurrent is superimposed to the quadratic signal.

Our two-photon QWIP structures were grown by mo-
lecular beam epitaxy on semi-insulating GaAs substrates and
comprise 20 Si-doped quantum wells (4 X 10'" cm™ elec-
trons per well). Sample 1 contains 7.6 nm wide GaAs quan-
tum wells between 47 nm Alj33Gag4;As barriers, with a
peak detection wavelength of 10.4 um and sample 2 is based
on 6.8 nm Ing;oGaggoAs wells and 47 nm Al 33Gag grAs
barriers, resulting in a peak wavelength of 8 um. The wafers
were processed into mesa detectors of 120X 120 and 240
X 240 um? in area. The radiation is coupled into the struc-
ture via 45° facets. Further details are provided in Ref. 5.
Since the two-photon response of sample 1 has been cali-
brated previously5 using a CO, laser, we chose this device
for measurements at 77 K, whereas sample 2 was preferred
at 300 K due to its larger intersubband energy.

Autocorrelation measurements were performed using a
Michelson interferometer setup and a rapid-scan delay stage
operating at a typical frequency of 20 Hz. The photocurrent
signal was fed into a current preamplifier (Femto DLPCA
200) and recorded with a digital oscilloscope. Since only a
few percent of the radiation measured by our external power
meter reached the active area of the two-photon QWIP de-
vice, the actual time-averaged power density was calibrated
using the two-photon responsivity S determined previously,5
which amounts to S=4X 1077 A cm?/W? for continuous-
wave radiation. Due to the quadratic response, this value
translates into S=0.01 A cm?/W? for the duty cycle of 4
X107 for two time-delayed pulses (see below) of FEL
radiation, valid for the low-intensity regime far from
saturation.

Figure 1(a) shows a complete interferometric autocorre-
lation trace together with an intensity autocorrelation where
the fringes have been filtered out numerically. The envelope
of the interferometric autocorrelation, normalized to the pho-
tocurrent at large delay, corresponds to the theoretically ex-
pected value of 8 at zero delay (it actually appears slightly
higher due to some high-frequency noise). Also the intensity
autocorrelation yields a ratio of 2.9 between the value at zero

© 2006 American Institute of Physics
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FIG. 1. (Color online) Interferometric and intensity autocorrelation of two-
photon QWIP 1 at 1.3 kW/cm? (a) peak power density, (b) autocorrelation
fringes, and square root of the signal with sinusoidal fit. The inset of (a)
indicates the operation of the device.

delay and large delay, which is extremely close to the theo-
retical value of 3. Since Fig. 1(a) does not resolve the more
than 100 fringes, a part of the autocorrelation trace is plotted
in an expanded scale in Fig. 1(b). The asymmetric shape of
the fringes becomes perfectly sinusoidal if the square root of
the signal is plotted [Fig. 1(c)], which further demonstrates
nicely the quadratic detection properties of the device. We
point out that the complete autocorrelation trace has been
obtained without any signal averaging in a single rapid scan,
i.e., within 25 ms; thus this approach is useful for monitoring
the pulse properties of the FEL. Figure 1(a) indicates an
autocorrelation width of 2.3 ps, which yields a FEL pulse
width of ~1.6 ps full width at half maximum and a FEL duty
cycle of 2X 107,

Now turning to the intensity dependence of the photo-
current signal, we have plotted in Fig. 2 the photocurrent
density as a function of power density. While the signal ex-
hibits truly quadratic power dependence at low power, satu-
ration occurs at around 100 kW/cm? peak power. In order to
better understand the observed behavior, let us now consider
different saturation mechanisms. First, we tentatively assume
that the electric field inside the QWIP is screened by viewing
the device as a capacitor that is discharged by the photocur-
rent. Taking the signal I (and the photoconductive gain) pro-
portional to the electric field, we thus arrive at the
equation

I=(1-1Il4)(RP+SP?, (1)

with the (linear) responsivity R and the saturation current I,
yielding the expression I=(1/1.,+1/(RP+SP?))~'. The pre-
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FIG. 2. (Color online) Photocurrent density vs power density of sample 1 at
zero delay and large delay. Predictions of linear and logarithmic screening
are also shown.

diction of this linear saturation model (with R=0 for T
=77 K) is plotted in Fig. 2. It can be seen that the behavior at
intermediate power density is not well described.

Our second approach is based on the low-power photo-
current non]inearity7’8 known from linear QWIPs. This non-
linearity essentially arises since the “first” barrier at the emit-
ter side of the QWIP only carries a thermal current whereas
also a photoexcited current is flowing across the remaining
barriers. In order to keep the total current constant, the elec-
tric field thus has to be higher at the emitter barrier than in
the rest of the active region. To obtain an analytical model,
we now assume that the thermal current increases exponen-
tially with the electric field F [i. e., [ ~exp(aF) with a pre-
factor «] and that the photocurrent is proportional to F. This
exponential behavior is a good approximation for the ob-
served dark current of a QWIP if the voltage drop per QWIP
period exceeds the thermal energy kzT. For a two-photon
QWIP with N quantum wells and N+ 1 barriers, this leads to
the equation

I=(Inl, —InI)(RP + SP?), )

with R=R/NaF and S=S/NaF. Equation (2), which we will
refer to as logarithmic screening, has the solution /= (RP
+SPY)W(I,/(RP+SP?), where W is Lambert’s W
function. ™~ As can be seen from Fig. 2, this model describes
the overall power dependence reasonably well. However,
there is some deviation from the observed quadratic behavior
since the W function behaves like the logarithm for very
large arguments. We point out, however, that the underlying
assumption that the field is constant except for the emitter
barrier is only valid in the stationary case (and should be a
reasonable approximation at very high power where charge
redistribution can occur at short time scales). For weak laser
pulses, however, the space charge is expected to be distrib-
uted over all quantum wells, which should lead to modifica-
tions in the intensity dependence but with similar functional
behavior.

For linear QWIPs, photocurrent saturation has been stud-
ied previously by Duboz et al." They observed saturation to
set in only at very high threshold levels of several MW/cm?,
where absorption saturation is expected to occur."!" In our
present experiments, photocurrent saturation is already ob-
served at about two orders of magnitude lower intensity, such
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FIG. 3. (Color online) Photocurrent ratio at 77 K (sample 1) and 300 K
(sample 2) between zero delay and large delay vs photocurrent density under
different experimental conditions as indicated and fitting curves according to
the linear and logarithmic screening models. For clarity, the data for 300 K
are shifted to the left by a factor of 10.

that we can exclude absorption saturation as a possible cause.
An independent estimate for space charge saturation thresh-
olds is obtained from the geometric capacitance of our
samples, which amounts to 10 nF/ cm? for a depletion width
of 1.1 wm. Complete discharging of such a capacitor for, say,
1 V bias gives rise to a charge density of 6 X 10'" ¢/cm?.
This value is more than two orders of magnitude below the
8 X 10'2 cm™? electrons inside the quantum wells which
would have to be excited to saturate the absorption. The
expected threshold for space charge saturation thus agrees
nicely with the photocurrent saturation threshold observed in
the present experiments.

In order to see the influence of photocurrent saturation
on the autocorrelation trace, we have plotted in Fig. 3 the
ratio between the photocurrents measured at zero and large
time delays as a function of the signal at large time delay.
Surprisingly, a ratio of 8 was difficult to achieve experimen-
tally, whereas the ratio approaches unity close to saturation
as expected. Applying the models behind Egs. (1) and (2),
the ratio for R=0 is given by 8I,/(I4+7]) and
8W((Io/8DIn(Iy /1)) /In(Iy /), respectively. Both expres-
sions are independent of the quadratic coefficient S, thus de-
pending just on one single parameter /. Taking this into
account, the overall dependence is predicted reasonably well
by the logarithmic screening model, whereas there are strong
deviations for linear screening.

Nevertheless, it is experimentally possible to reach the
desired ratio of 8 at low power where additional effects such
as dark current and thermal background current might be of
some influence. This regime is not completely understood
and needs further investigations. Further parameters to be
optimized include the bias voltage and temperature. Since
the intrinsic quadratic behavior is still present in spite of
some distorted intensity dependence, an appropriate numeri-
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cal compensation of saturation-induced distortions of the au-
tocorrelation traces should be possible.

Finally, we have also investigated whether our two-
photon QWIPs allow quadratic detection at room tempera-
ture. As pointed out already in Refs. 5 and 6, thermal exci-
tation into the intermediate subband causes a linear
responsivity signal which exhibits a thermally activated be-
havior. Since the expected responsivity at room temperature
is of the order of 1 mA/W, the linear signal will dominate at
lower power. We have therefore investigated the intensity
dependence of the ratio in the case of sample 2, which is also
included in Fig. 3. In fact, the observed linear behavior mani-
fests itself by a ratio of two at low power. Thus the linear
regime merges with the saturation regime, such that the
maximum observed ratio amounts to a value of only 3.5.
However, two-photon QWIPs designed for shorter detection
wavelengths are expected to make quadratic autocorrelation
measurements possible also at room temperature.

In conclusion, two-photon QWIPs have been exploited
for pulse monitoring of free-electron laser radiation by rapid-
scan interferometric autocorrelation measurements. We have
also investigated the saturation behavior of the two-photon
QWIP signal, which is limited by the generation of internal
space charges rather than capacitive discharging or absorp-
tion saturation. At 77 K, enhancement factors up to the theo-
retically expected value of 8:1 have been observed for inter-
ferometric autocorrelation, whereas only lower values were
possible at room temperature where an additional linear con-
tribution to the signal is present.

The authors are grateful to P. Michel and the whole
ELBE team for their dedicated support. Part of this work has
been supported by EuroMagNET under the EU Contract No.
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The picosecond dynamics of electrons in a doped GaAs/AlGaAs superlattice have been investigated
by pump-probe experiments using an infrared free-electron laser. We observe a fast bleaching of the
interminiband absorption followed by thermalization and a slower cooling component. The latter
can lead to a positive or negative transmission change, resulting from the temperature dependence
of the linear absorption spectrum at the respective wavelength. We show that the superlattice in
contrast to quantum wells provides a unique picosecond thermometer for the electron temperature
based on the dependence of the absorption on the electron distribution function. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2194868]

The relaxation and cooling behavior of electrons in
semiconductors and their heterostructures are of crucial im-
portance for most optoelectronic devices." As a prime ex-
ample the intersubband relaxation dynamics in quantum
wells have to be known and well understood for the design
of quantum cascade lasers.”™ Many such investigations have
been performed over the past two decades in quantum struc-
tures based on different materials systems, and an impressive
level of insight has been obtained.” Yet semiconductor super-
lattices (SLs), while representing a key model system of an
artificial semiconductor structure, have been much less in-
vestigated in this respect, although they provide the basis of
SL cascade lasers® or Bloch oscillators.’ Compagnone et al®
have calculated the interminiband relaxation rates and the
stationary electron distribution function using a Monte Carlo
technique, but no time resolved experiments have been per-
formed to the best of our knowledge.

In this letter we present pump-probe transmission mea-
surements on a doped GaAs/Alj;Ga,;As superlattice using
the infrared free-electron laser FELBE at the Forschungszen-
trum Rossendorf.” We observe transient bleaching followed
by interminiband relaxation on a picosecond time scale as
well as heating and subsequent cooling of the electron
system.

The superlattice was grown by molecular beam epitaxy
(MBE) on a semi-insulating GaAs substrate. It consists of
300 periods of 9.0 nm thick quantum wells and 2.5 nm thick
barriers, resulting in a width of 12 and 50 meV for the first
and second minibands, respectively. The wells are doped in
the central 6 nm to n=3X10' cm™, corresponding to a
density of 1.5 X 10'® cm™ averaged over one SL period and
an areal density of 2 X 10'° cm™ per period. The Fermi en-
ergy at low temperature lies 1 meV below the first miniband,
when the impurity states are fully taken into account (see
Ref. 10; neglecting impurity states it would lie 2.5 meV
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above the bottom miniband edge). The linear interminiband
absorption spectrum, measured on a sample with 45° pol-
ished facets and one total internal reflection, is shown in Fig.
1 for different temperatures. At high temperature, the spectra
reflect the van Hove singularities of the joint density of states
at the center and edge of the mini-Brillouin zone, at low
temperature the?/ are dominated by impurity transitions (see
inset of Fig. 1).  We would like to point out that the strong
temperature dependence of the absorption spectrum provides
a means for measuring the effective temperature of the elec-
tron system.11

For the time-resolved experiments the above sample was
placed into a LHe flow cryostat equipped with KRS-5 win-
dows and excited with the free-electron laser (FEL), which
provided bandwidth limited Gaussian pulses12 with a full
width at half maximum (FWHM) between 1 and 2.5 ps (de-
pending on the wavelength) at a 13 MHz repetition rate. This

Wavelength (um)
2018 16 14 12 10 8
12 T T T T
10+
— 83K
- B} A - = 50K
S N 100 K
Sel ;.0 -.= 300K
A
I 05 10
g‘*- k (wd)
2+ ¢
\!
0 1 " L 1 1 "
60 80 100 120 140 160 180
Energy (meV)

FIG. 1. Experimental infrared absorption spectrum of the sample at different
temperatures. The arrows indicate the excitation wavelengths. The cutoff at
70 meV is due to the detector employed in the measurement. The inset
illustrates the interminiband and impurity transitions.

© 2006 American Institute of Physics
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FIG. 2. Probe transmission as a function of pump-probe delay recorded at
15.8 wm for different temperatures (a) and different pump intensities at
T=50 K (b). Note that the intensity values are only accurate up to a factor of
2 approximately, while their relative values are accurate within 10%. The
inset illustrates the sample geometry.

high repetition rate results in a far superior signal-to-noise
ratio compared to macropulsed FELs or kilohertz optical
parametric amplifier systems. The maximum pulse energy
used for excitation was 50 nJ, corresponding to 650 mW av-
erage power, taking the sample geometry and attenuation of
the cryostat windows into account. Under these conditions
the lattice temperature of the samples increases by a few
Kelvins. A fraction of the laser beam was split off using a
Mylar beam splitter and served as the probe beam. Both
pump and probe were focused onto the sample using a 10 cm
focal-length off-axis parabolic mirror, taking care that the
focal spot of the pump was larger than that of the probe.
Behind the sample the transmitted probe beam was detected
with a LN, cooled mercury-cadmium telluride (MCT) detec-
tor. The signals were recorded by chopping the pump beam
mechanically at 350 Hz and measuring the probe signal us-
ing a lock-in amplifier at this frequency. The pump-probe
delay was achieved using a mechanical delay line.

Let us first analyze the pump-probe signals recorded at a
wavelength of 15.8 um shown in Fig. 2. The FEL spectrum
exhibited a FWHM of AN=0.16 um, which corresponds to a
pulse duration of 2.2 ps for bandwidth limited Gaussian
pulses. By varying the lattice temperature [Fig. 2(a)] and the
pump power [Fig. 2(b)] we observe drastic changes of the
transient behavior. At low temperatures the induced trans-
mission first rises due to bleaching of the transition, then
decreases again within a few picoseconds and even goes
negative, corresponding to induced absorption. This latter
component relaxes on a much longer time scale. The fast
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bleaching component recovers by interminiband relaxation
as well as by thermalization due to electron-electron scatter-
ing, which leads to a carrier distribution thermalized at a
temperature higher than the lattice temperature. Exactly this
is the reason for the negative (i.e., induced absorption) sig-
nal: from the linear absorption spectrum in Fig. 1 we know
that at a wavelength of 15.8 wm the absorption rises signifi-
cantly with temperature. Thus an increase of the electron
temperature leads to an increased absorption at this wave-
length. The subsequent slower decay corresponds to the
cooling of the electron distribution down to the lattice tem-
perature. At higher temperature it is observed that (i) the
bleaching component becomes stronger, which is simply due
to the fact that the linear absorption is larger, and (ii) the
thermalization/cooling component becomes weaker and
faster. This is because at higher temperature the optical-
phonon related energy loss rate of the electrons increases, "
but also there is more energy absorbed according to the spec-
tra in Fig. 1, leading to an even stronger energy loss. On the
other hand the amplitude of the signal gets weaker, because
at higher temperature the linear absorption does not change
so much anymore (i.e., the intrinsic “thermometer” becomes
less sensitive). The cooling time changes from 50+35 ps at
T=10 K to 61 ps at 7=75 K. At 250 K the fast relaxation
and slower cooling component nearly cancel each other, and
at T7=350 K a single exponential interminiband relaxation of
2.2+0.1 ps is observed.

The observations in Fig. 2(b), which show the intensity
dependence of the signal at a constant lattice temperature of
50 K, are consistent with the above picture: at higher pump
intensity both the positive bleaching and the negative
thermalization/cooling signal get larger and the cooling
speeds up due to the larger temperature increase. Note that
the vertical scale in Fig. 2 is quantitative: the bleaching at the
highest pump power reaches 3%, which corresponds to full
saturation when compared with the vertical scale of the lin-
ear absorption spectrum (at 50 K and 15.8 wm). The nega-
tive heating signal reaches 2.4%, which corresponds to a rise
from 50 K to approximately 100 K when again compared to
Fig. 1. Fitting an exponential decay on the cooling curve (not
shown) yields cooling times from 40+4 ps for the lowest to
18+2 ps for the highest pump intensity.

We performed similar pump-probe measurements at two
other wavelengths: one at the high-energy peak of the ab-
sorption spectrum at A=9 um, which corresponds to transi-
tions near the center of the mini-Brillouin zone, and at an
intermediate wavelength of 13.75 um. The used pump inten-
sities were 40 MW/cm® at 9 um and 20 MW/cm® at
13.75 um, respectively. From the laser spectrum we could
estimate the pulselength to 1.5 ps for 9 um. These data are
shown in Fig. 3. We clearly see the difference of the recorded
signals: with shortening the wavelength, the induced absorp-
tion (at 15.8 wm) first becomes much smaller and finally
turns into induced transmission in the case A=9.0 um. How-
ever, this behavior is again completely consistent with the
temperature dependence of the linear absorption spectra (Fig.
1). At 13.75 um, the temperature change of the absorption is
very small, e.g., we see a very small negative (i.e., induced
absorption) signal (in other words, the intrinsic thermometer
is not sensitive at this wavelength). At A=9.0 um, it is ob-
vious from Fig. 1 that the absorption decreases at higher
temperatures. As a consequence now also the slow cooling
transient is completely positive at all times. Due to the sim-
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FIG. 3. Probe transmission as a function of pump-probe delay recorded at
T=10 K for different wavelengths as indicated. Also shown is the temporal
pulse shape used to extract the decay times.

pler shape of the decay curve, it can now be fitted
using a biexponential decay, yielding 7,=2.2+0.1 ps and
T,~23+4 ps as the best fit. While 7, corresponds to the
cooling time, 7; reflects a combination of the interminiband
relaxation and thermalization times of the excited electrons.
The value agrees reasonably well with calculations for
optical-phonon induced interminiband relaxation® (these cal-
culations were performed for InGaAs/InAlAs), indicating
that electron-electron scattering cannot be much faster.

Due to the large spectral spreading of the interminiband
absorption in a superlattice and its temperature dependence it
is thus possible to clearly separate different contributions of
the electron dynamics. In isolated quantum wells this is not
possible due to the parallel dispersion of the subbands, or at
least to a much lesser degree: Lutgen et al.”® were actually
able to observe similar though much weaker effects in quan-
tum wells due to the finite nonparabolicity of the subbands.

A similar behavior—positive and negative pump-probe
signals—has also been observed by Woerner et al."* for the
inter-valence-band absorption in p-Ge. However, they as-
cribed both signal components to a change of carrier tem-
perature (possible due to a nonmonotonic dependence of the
absorption on the carrier temperature and a very fast hole-
hole scattering) and excluded a real bleaching of the transi-
tion. Since in the present case the absorption depends mono-
tonically on temperature for each wavelength, the fast signal
must result from saturating the transition.
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In summary, we have performed pump-probe measure-
ments on interminiband transitions in GaAs/AlGaAs super-
lattices. We have observed a fast bleaching with subsequent
relaxation and thermalization as well as a slower signal due
to cooling of the hot electron distribution. The latter signal
can be positive or negative, depending on the temperature
dependence of the linear absorption at the respective wave-
length, thus providing an internal thermometer for the elec-
trons.

The authors are grateful to P. Michel and the whole
ELBE team for their dedicated support, to W. Seidel for
friendly collaboration, and to H. Schneider for critical dis-
cussions.
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Intersubband relaxation dynamics in InGaAs/AlAsSb multiquantum wells (QWs) is studied by
single-color femtosecond pump-probe measurements. At early delay times, all samples show an
exponential decay of the transient transmission occurring with time constants of the order of a
picosecond. The relaxation dynamics at later delay times strongly depend on both QW thickness and
doping location. A non-single-exponential decay behavior indicates extra competing relaxation
channels, as further confirmed by solving three-level rate equations. It is shown that slowly decaying
components are due to electron transfer to states related to indirect valleys in the wells or in the
barriers. © 2006 American Institute of Physics. [DOI: 10.1063/1.2360242]

Intersubband transitions in semiconductor quantum
wells (QWs) have been employed for midinfrared optoelec-
tronic devices, in particular, lasers and detectors.! Also ul-
trafast all-optical switchingz’3 is an interesting application
due to the short relaxation times of intersubband transitions,4
which are several orders of magnitude faster than for inter-
band transitions. Recently there have been attempts to extend
the range of intersubband devices towards the near infrared,
i.e., to wavelengths shorter than 3 um (Ref. 5) and even
towards the 1.55 um telecommunication range:.2’3’6 This re-
quires material systems with a large conduction band discon-
tinuity, such as strained InGaAs/AlAs on GaAs (Ref. 7) or
InP substrates,® Ing 53Gag 47As/ AlAsg 56Sby 44 lattice matched
to InP,9’10 InAs/AlSb on GaSb,5 or nitrides such as
InGaN/AlGaN (Refs. 11 and 12) and II-VI compounds such
as ZnSe/BeTe."” While the latter two material systems ex-
hibit ultrafast, subpicosecond intersubband relaxation due to
their strong electron-phonon coupling, they may be less
suited for quantum cascade emitters, which appear more
promising in the InP (Refs. 14 and 15) or GaSb (Ref. 5)
based systems.

A common feature of some of the above material com-
binations is the indirect character of the barrier material, i.e.,
an X or L valley represents the lowest-energy states. In nar-
row QWs (<3 nm), required to achieve short-wavelength
intersubband absorption, the first excited subband state may
be raised above such indirect state in the barrier or even in
the QW, which would strongly influence the relaxation be-
havior and also the performance of quantum cascade lasers.'®
Indications for such an effect have been observed in some
intersubband relaxation experiments for the InGaAs/AlAs
(Ref. 7) and ZnSe/BeTe systems.13

In the present letter we investigate the intersubband re-
laxation dynamics in narrow InGaAs/AlAsSb QWs, which
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are the building block for short-wavelength quantum cascade
lasers.”” We employ femtosecond pump-probe spectroscopy
and focus on the possible role of intervalley electron transfer
in the relaxation dynamics. Though time resolved experi-
ments on this material system have been reported before, '’
the role of indirect states has remained open. The shortest
lasing wavelength in this material system to date is around
3.8 /JJIl,lS but electroluminescence down to 3.1 um has been
observed'’ despite the fact that at this wavelength the excited
subband is supposed to lie already above the lowest X state
in the InGaAs QW. By investigating QWs of different thick-
nesses and doping the present investigation shows that there
is a distinct influence of indirect states on the relaxation
behavior.

The InGaAs/AlAsSb multiple QWs with 50 periods
were grown lattice matched to InP substrates by molecular
beam epitaxy. We focus here on three samples, one with a
nominal well thickness of 4.5 nm (sample A) and the other
two with 3.0 nm thickness (samples B and C). Of the latter
two, one (sample C) is doped (with Si) in the QW and the
other (sample B) is modulation doped in the center of 20 nm
of the 30 nm thick barriers, both yielding an areal electron
concentration of 3X 102 cm™2/QW. The thicker-QW
sample (A) is also modulation doped in the barrier, but nomi-
nally three times higher. High-resolution x-ray diffraction
and reflection measurements yielded actual QW thicknesses
of 4.0 nm for sample A and 2.9 nm for both samples B and
C. It was also found that the last two samples (B and C)
show a better structural quality (interface roughness of
~0.5 nm) than sample A. For the optical measurements, we
used short trapezoidal waveguides with 38° polished facets
having only one internal reflection occurring at the epitaxial
surface.

Figure 1 shows the ratios between p- and s-polarized
transmission spectra of the three investigated samples ob-
tained by Fourier transform infrared spectroscopy. For
sample A, the absorption peak is observed at 0.39 eV and for

© 2006 American Institute of Physics
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FIG. 1. Ratio between p- and s-polarized transmissions of the three inves-
tigated samples vs photon energy. The transmission curve for sample B has
been shifted vertically by 0.1 for clarity.

samples B and C at 0.51 eV. Due to the higher doping,
sample A exhibits a larger integrated absorption than samples
B and C.

For the pump-probe measurements, femtosecond optical
pulses with about 240 fs duration were generated at 78 MHz
repetition rate by an optical parametric oscillator tunable
from 1.3 to 3.2 um. A small angle between the pump and
probe beams, which were polarized parallel to the growth
direction, was used in order to separate both beams. For the
measurements a scanning delay generator (shaker) between
pump and probe beams was operated at a frequency of 48 Hz
and the signal was accumulated with a fast analog/digital
converter (fast-scanning technique). All measurements were
performed at room temperature. The pump-pulse energy was
about 130 pJ at a wavelength of 2.4 um and 70 pJ at
3.1 um, exciting only about 1% of the electrons into the
excited state. As discernible in Figs. 2(a)-2(c) below, the
high pulse repetition rate together with the fast-scanning
technique provides an unprecedented signal quality. Trans-
mission changes of 1% are measured with a signal-to-noise
ratio of up to 1000, making absorption changes of 10~ de-
tectable, several orders of magnitude better than reported in
previous intersubband relaxation measurements.

Figure 2(a) shows the relative probe transmission change
AT/ T, for sample A. At very early delay times we observe a
coherent artifact'® arising from self-diffraction of the pump
into the direction of the probe beam, which will not be dis-
cussed here further. At later time delays, the decay of the
signal can be accurately fitted by a single exponential, yield-
ing a decay time constant of 7=1.5 ps.

The band structure of our samples was calculated by a
self-consistent solution of the Schrodinger and Poisson equa-
tions, including nonparabolicity as described in Ref. 19 and
using an InGaAs band edge mass of 0.0427m, at the I point.
my is the free electron mass. Other parameters are taken from
Ref. 20. Figure 2(d) shows the conduction band edge profile
of sample A at the I" and X minima (for simplicity, the L
valley is not shown), as well as the square of the modulus of
the lowest two subband wave functions at both minima.
Even though the second I' subband coincides approximately
with the X levels for the chosen band parameters, the pump-
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FIG. 2. Measured probe transmission of samples A (a), B (b), and C (c) vs
delay time together with numerical fits of the decay curve. Self-consistent
conduction band edge profiles at the I" (solid lines) and X points (dashed
lines) for the same samples [(d)—(f)]; probability densities of the subband
states are also shown. The inset of (c) displays a three-level configuration as
discussed in the text.

probe data appear to be unaffected by intervalley scattering.

Studying the relaxation time of sample B, its pump-
probe curve is best fitted by a single-exponential plus a con-
stant offset, as shown in Fig. 2(b). The offset is necessary to
describe the slow decay (nanosecond regime) observed at
later delay times. For sample B a decay time constant of 7
=0.8 ps was found. As plotted in Fig. 2(e), the excited I’
subband is raised significantly above the X levels due to the
reduced well width. In addition, the excited carriers can now
easily escape into the barriers, where metastable states at the
X minimum exist due to the barrier doping. The extremely
slow relaxation at large delays indicates the relevance of the
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latter process. In fact, these barrier-confined metastable
states exhibit negligible tunneling probabilities due to the
large effective mass at the indirect minimum and a high bar-
rier (about 0.4 eV) for thermionic emission back into the
QW.

Comparing these decay time constants, sample B should
exhibit a longer intersubband relaxation time than sample A
due to its larger intersubband energy and the 1/¢> depen-
dence of the optical phonon scattering, where g is the mo-
mentum transfer. The observed opposite behavior is therefore
another signature for the additional relaxation channels
present in this sample.

In order to eliminate long-lived states in the barrier, we
now turn to sample C where the Si impurities are located
inside the QWs and space charge effects are negligible [see
Fig. 2(f)]. The resulting pump-probe data are shown in Fig.
2(c). Indeed the plateaulike component at later delay times is
not present. Nevertheless a slow component is also observed.
In fact, the pump-probe curve of this sample is best fitted by
a biexponential decay without offset. The two characteristic
decay time constants are 1.2 and 6.2 ps. According to Fig.
2(f), levels related to indirect valleys inside the InGaAs QW
are the only possible origin of the long time constant.

We have also performed a rate equation analysis involv-
ing three levels [shown in the inset of Fig. 2(c)] to describe
the two decay time constants. Assuming one effective level
(X) for the X and L states, the longer decay time 7y; then
characterizes the return time from the X or L levels to level
1, the fundamental I" subband. This return time is expected
to be longer than the scattering time 7,y from level 2 into the
side valleys due to the higher effective masses of the latter.”!
The initial decay time 7; is thus attributed to the combined
scattering between the two I levels of the QW (7,;) and the
one related to I'-X or I'-L transfer (7,y), leading to the rela-
tion 1/7;=1/7+1/7y. Even though 7, and 7,y cannot be
determined independently, both time constants have to ex-
ceed the observed value of 7; (1.2 ps). In fact, this conclusion
is further supported by the observation that this value of the
“fast” decay time is shorter than for the configuration of Fig.
2(d) where intervalley scattering has only negligible influ-
ence and longer than for Fig. 2(e) where emission into the
barrier provides an additional channel. Knowing that typical
I'-X scattering times for bulk III-V materials are of the order
of 100 fs,22 our observations indicate that intervalley scatter-
ing times in QWs should be significantly longer than for bulk
material, as also suggested in Refs. 23 and 24, however,
depending very strongly on the exact wave functions in-
volved. Our observations are sustained by the fact that pro-
nounced intersubband luminescence has been observed from
states located somewhat above the side Valleys,17 which im-
plies a reasonably long intervalley scattering time.

In conclusion, pump-probe measurements on
InGaAs/AlAsSb QWs at low excitation densities were car-
ried out in single-pass geometry with very high signal-to-
noise ratios. At early delay times, all samples show an expo-
nential decay of the transient transmission occurring with
time constants of 0.8—1.5 ps. The relaxation dynamics at
later time delays strongly depends on both QW thickness and
doping location. For barrier-doped structures, very long time
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constants in the nanosecond regime can emerge if carriers
escape into the barriers. In the case of well doping, interval-
ley scattering of high-energy electrons located above the in-
direct minima of the well material was found to occur with
much longer time constants, in the picosecond regime, than
for bulk material. In particular, the latter observation sug-
gests that intersubband lasing involving states above indirect
minima of the well material should be possible. This work
additionally provides important details about the relaxation
dynamics of short wavelength intersubband transitions rel-
evant for all-optical intersubband modulators designed for
telecommunication wavelengths and saturable absorbers for
IR to mid-IR solid state or fiber lasers.
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Ion implantation of halogens: a promising technique for enhancing the high-temperature oxidation
resistance of TiAl alloys

21st General Conference EPS and Meeting of the German Physical Society, 27.-31.03.2006, Dresden, Germany
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183.

184.

185.

186.

187.

188.

189.

190.

191.

Yankov, R. A.; Richter, E.; Donchev, A.; Schiitze, M.
Efficient oxidation protection of gamma-TiAl alloys by ion implantation of halogens
15t International Conference on Ion Beam Modification of Materials, 18.-22.09.2006, Taormina, Italy

Zen, A.; Pingel, P,; Neher, D.; Grenzer, ].; Zhuang, W.; Rabe, ]. P.; Bilge, A.; Galbrecht, F.; Nehls, B.; Farrell,
T.; Scherf, U.; Abellons, R. D.; Grozema, F. C.; Siebbeles, L. D. A.

Organic field-effect transistors utilising oligothiophene based swivel cruciform

DPG-Friihjahrstagung 2006, 27.-31.03.2006, Dresden, Germany

Zhang, G.; Potzger, K.; Zhou, S.; Miicklich, A.; Ma, Y.; Fassbender, J.
Memory effects in interacting and non-interacting ion beam synthesized nanoparticle systems
15t International Conference on lon Beam Modification of Materials, 18.-22.09.2006, Taormina, Italy

Zhou, S.; Potzger, K; Eichhorn, F.; Helm, M.; Skorupa, W.; Miicklich, A.; Fassbender, ].; Herrmannsdorfer,
T.; Bianchi, A.

Ferromagnetic Gd-implanted ZnO single crystals

DPG-Friihjahrstagung 2006, 27.-31.03.2006, Dresden, Germany

Zhou, S.; Potzger, K; Miicklich, A.; Reuther, H.; Eichhorn, F.; Schell, N.; Skorupa, W.; Helm, M.;
Fassbender, J.

Magnetic nanoparticle formation in Fe implanted ZnO

European Materials Research Society (E-MRS) Spring Meeting 2006, 29.05.-02.06.2006, Nice, France

Zhou, S.; Potzger, K; Reuther, H.; Miicklich, A.; Eichhorn, F.; Schell, N.; Skorupa, W.; Helm, M.;
Fassbender, J.

Ferromagnetic ZnFe;O, synthesized by Fe implantation into ZnO

4th International Conference on Physics and Applications of Spin Related Phenomena in Semiconductors, 15.-
18.08.2006, Sendai, Japan

Zhou, S.; Potzger, K.; Zhang, G.; Miicklich, A.; Eichhorn, F.; Grotzschel, R.; Schmidt, B.; Skorupa, W.; Helm,
M.; Fassbender, J.

Mn-silicide nanoparticles formed inside Si using ion implantation

DPG-Friihjahrstagung 2006, 27.-31.03.2006, Dresden, Germany

Zhou, S.; Potzger, K.; Zhang, G.; Miicklich, A.; Eichhorn, F.; Grotzschel, R.; Schmidt, B.; Skorupa, W.; Helm,
M.; Fassbender, J.

Mn-silicide nanoparticles: the origin of ferromagnetism in Mn-implanted Si?

15t International Conference on Ion Beam Modification of Materials, 18.-22.09.2006, Taormina, Italy

Zier, M.; Schmidt, B.; Rangelow, L.; Ivanov, T.; Sarov, Y.; Dontsov, D.; Schott, W.
Fabrication of ultra-shallow p-n junctions as piezoresistive sensors for AFM deflection sensing
Micro- and Nanoengineering 2006, 17.-20.09.2006, Barcelona, Spain

Lectures

1.

Bischoff, L.; Akhmadaliev, Ch.
Mass separated FIB applications from alloy liquid metal ion sources
FIB User Meeting 2006, Orsay Physics, 18.-19.05.2006, Fufeau, France

Brauer, G.

Recent results of slow positron implantation spectroscopy to characterize vacancy-type damage in ion-
implanted 6H-SiC

Seminar held at

University of Hong Kong, Physics Department, 13.01.2006, Hong Kong, China

Chinese University of Hong Kong, Department of Electronic Engineering, 17.01.2006, Hong Kong, China

Brauer, G.

Characterization of ZnO single crystals by positron annihilation

Seminar held at

University of Western Ontario, Department of Physics and Astronomy, 31.07.2006, London/Ontario, Canada
McMaster University, Brockhouse Institute for Materials Research, 3.08.2006, Hamilton/Ontario,
CanadaUniversity of North Texas, Department of Materials Science and, 28.08.2006, Denton/Texas, USA
University of Texas at Austin, Department of Physics, 30.08.2006, Austin/TX, USA

University of Texas at Arlington, Physics Department, 31.08.2006, Arlington/Texas, USA

Texas Christian University, Department of Physics and Astronomy, 1.09.2006, Ft. Worth/Texas, USA

Facsko, S.; Keller, A.; Liedke, M. O.; Fassbender, J.; Moller, W.
Properties of thin films grown on periodically corrugated surfaces
Seminar, Fachbereich Physik, Universitit Konstanz, 30.05.2006, Konstanz, Germany
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Lectures

10.

11.

12.

16.

17.

20.

21.

22.

Facsko, S.; Keller, A.; Rossbach, S.; Moller, W.
Periodic surface patterns induced by low energy ion erosion
Seminar, II. Physikalische Institut, Universitit Géttingen, 15.12.2006, Géttingen, Germany

Fassbender, J.
Ion beam induced magnetic property modifications
Seminar, Max Planck Institut fiir Mikrostrukturforschung, 6.06.2006, Halle, Germany

Fassbender, J.
Ion beam induced magnetic property modifications
Seminar, Universitit Goettingen, 8.12.2006, Goettingen, Germany

Gemming, S.
Scale-hopping modelling of ferroic functional elements
Seminar, ITF, IFW Dresden, 7.11.2006, Dresden, Germany

Grambole, D.
Zerstorungsfreie, quantitative Wasserstoff-Analytik mittels Ionenstrahlen
Seminar, Universitit Karlsruhe, SFB 551, 4.04.2006, Karlsruhe, Germany

Heinig, K.-H.
Nanostructure growth and modification with ion beams
Physikalisches Kolloquium, I. Physikalisches Institut der RWTH Aachen, 25.01.2006, Aachen, Germany

Heinig, K.-H.
Growth and Taming of Nanostructures with Ion Beams
Seminar, RWTH Aachen, 26.01.2006, Aachen, Germany

Kreissig, U.
Heavy Ion ERDA at the 5 MV Tandem Accelerator in Rossendorf
Seminar, Nuclear Physics Institute Rez, 25.07.2006, Rez, Czech Republic

Moller, W.
Ion irradiation for generation and control of nanostructures
Seminar, Dept. of Macromolecular Physics, Charles University, 10.01.06, Prag, Czech Republic

Moller, W.
Ioneninduzierte Nanostrukturen
Festkolloquium, Fakultit fiir Mathematik, Naturwissensch. & Informatik, BTU Cottbus, 6.12.2006, Cottbus, Germany

Moller, W.
Tutorial "Fundamentals and Trends of Plasma Surface Processing"
connected with 10t Int. Conference on Plasma Surface Engineering, 9.-10.09.2006 Garmisch-Partenkirchen, Germany

Posselt, M.
Atomic-level simulations of ion implantation, defect formation and defect migration
Seminar, Institut fiir Integrierte Systeme der ETH Ziirich, 5.04.2006, Ziirich, Schwitzerland

Potzger, K.; Zhou, S.; Zhang, G.; Reuther, H.; Talut, G.; Miicklich, A.; Eichhorn, F.; Schell, N.; Grétzschel, R.;
Skorupa, W.; Helm, M.; Anwand, W_; Brauer, G.; Fassbender, J.

Diluted magnetic semiconductors created by non-equilibrium processing -new challenges for ion beams
Institutsseminar, Physikalisches Instituts der Universitit Karlsruhe, 6.11.2006, Karlsruhe, Germany

Schmidt, B.
Erzeugung von Nano-Strukturen mit Ionenstrahlen
Seminar, AMD Dresden, 27.03.2006, Dresden, Germany

Schneider, H.
Quantum well infrared photodetectors: Physics and applications
Seminarvortrag, 12.01.2006, TU Dresden, Germany

Schneider, H.
Halbleiterspektroskopie mit ultrakurzen Laserpulsen
Physikalisches Kolloquium, Bergakademie Freiberg, 5.07.2006, Freiberg, Germany

Shevchenko, N.
Plasma immersion ion implantation for surface modification
Seminar, Boston Scientific, 3.05.2006, Maple Grove, Minnesota, USA

Skorupa, W.

Mikro-Nano-Piko: Elektronik und Photonik erobern das Nichts

Technologietag der FDP-Fraktion am Séchsischen Landtag, FDP-Fraktion am Sichsischen Landtag, 18.05.2006,
Dresden, Germany
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23.

Skorupa, W.
Advanced thermal processing of semiconductor materials in the msec-range
Seminar, Institut fiir Experimentelle Physik der Bergakademie Freiberg, 7.06.2006, Freiberg, Germany

Skorupa, W.

Ausgriindung einer GmbH aus dem FZD aus der Perspektive eines Wissenschaftlers

Treffen mit Mittelstandsvereinigung Saxonia der séchsischen FDP, nanoparc GmbH und FZD, 9.06.2006, Dresden-
Rossendorf, Germany

Skorupa, W.
Advanced thermal processing of semiconductor materials in the msec-range
Projekttreffen OSTEC Advanced Quantum Beam Project, FZD-FWI, 27.09.2006, FZ Dresden-Rossendorf, Germany

Skorupa, W.

Thermische Prozesse im msec-Bereich fiir Elektronik und Photonik

Seminar am Institut fiir Bio- und Nanosysteme des Forschungszentrums [iilich, Institut fiir Bio- und Nanosysteme des
Forschungszentrums Jiilich, 16.10.2006, [iilich, Germany

Skorupa, W.
Blitzlampen-Prozessieren: Stress und Oberflichen-Schmelzen bei Silizium
Deutsches Nutzertreffen Kurzzeitausheilung, Fraunhofer Gesellschaft, IISB, 23.11.2006, Villach, Austria

Vinnichenko, M.; Ozerov, M.; Rogozin, A.; Shevchenko, N.; Kolitsch, A.
Spectroscopic ellipsometry of ZnO thin films: choice of optimum parameterization of dielectric function
Woollam-Ellipsometrie-Seminar, L.O.T.-Oriel GmbH & Co. KG, 25.10.2006, Darmstadt, Germany

PhD Theses

—_

N

(€8]

Mrotchek, 1.

Oberflichenmodifikation des Hartmetalls Wolframkarbid-Kobalt durch Bor-Ionenimplantation
TU Dresden, Oct 17, 2006

Wissenschaftlich-Technische Berichte, FZD-462, 2007

Sinning, S.

Ultraschnelle optelektronische und Materialeigenschaften von stickstoffhaltigem GaAs
TU Dresden, Jan 04, 2006

Wissenschaftlich-Technische Berichte, FZR-450, 2006

Ullmann, F.

Untersuchung der Erzeugung hochgeladener Ionen in einer Raumtemperatur-Elektronenstrahl-
Ionenfalle

TU Dresden, Jan 18, 2006

Master & Diploma Theses

—_

N

@

L

o

Berendt, M.
Herstellung von Hartstoffschichten aus AIMgB14 mittels Ionenimplantation
HTW Dresden, 15.12.2006

Ohser, S.
Ultrafast dynamics of electrons in semiconductor quantum wells
Universitit Jena, 22.6.2006

Peter, F.
Untersuchung der raumlichen Strahlcharakteristik von fotoleitenden Terahertz-Strahlungsquellen
TU Dresden, 6.11.2006

Petr, V.

Pradiktive Kompensation von Schwankungen der Beschleunigungsspannung von Van-de-Graaff-
Ionenbeschleunigern

HTW Dresden, 25.10.2006

Wagner, M.
Erzeugung, Charakterisierung, und Anwendung ultrakurzer THz-Pulse
Universitit Konstanz, 3.7.2006



84 Laboratory Visits

Organization of Conferences

1. Moller, W.
10" Int. Conference on Plasma Surface Engineering (Scientific Programm Coordination)
Garmisch-Partenkirchen, Sept 10-15, 2006

Laboratory Visits

1. Beckers, M.
Linképing University, Sweden; Jan 18 - 22, 2006
2. Borany, J. von
ESRF Grenoble, France; July 19 - 21 / Oct 30 - Nov 6 / Nov 27 - Dec 5, 2006
3. Brauer, G.
City University of Hongkong, China; Jan 5 - 19, 2006
4. Cantelli, V.
ESRF Grenoble, France; Nov 27 - Dec 5, 2006
5. Drachenko, O.
Toulouse High Magnetic Field Lab, France; Feb 10 - 20 / Dec 1 - 15, 2006
6.  Eichhorn, F.
ESRF Grenoble, France; Feb 8 -15 / Oct 3 -10 / Nov 7 - 14, 2006
7.  Grengzer, J.
ESRF Grenoble, France; Feb 21 -28 / July 4 - 11 / Nov 7 - 14, 2006
8.  Heinig, K.-H.
Stanford University, USA; April 21 - 26, 2006
9. Kipper, K.

Lawrence Berkeley National Lab, USA; April 21 - May 3 / Oct 5 - 27, 2006

10. Kipper, K.
Swiss Light Source, PSI Villigen, CH; March 10 - 17 / July 10 - 19

11. Martins, R.
Linképing University, Sweden; Jan 18 - 22, 2006

12. Rogozin, A.
ESRF Grenoble, France; May 15 - 23 / Oct 3 - 10, 2006

13. Rontzsch, L.
Stanford University, USA; April 21 - 26, 2006

14. Schell, N.
University Aarhus, Denmark, March 30 - April 3, 2006
CENIMAT, Lisboa, Portugal, Aug 24 - 28, 2006
HASYLAB, Hamburg, June, 27 - July, 3, 2006
ANKA, Karlsruhe, Sept 9 - 11, 2006
University and Academy of Science, Lanzhou, China, Oct 16 - 21, 2006

15. Scholz, A.
ESRF Grenoble, France; Nov 30 - Dec 5, 2006

16. Shevchenko, N.
ESRF Grenoble, France, May 15 - 23 / Oct 3 - 10, 2006
Siberian Physical and Technical Institute, Tomsk, Russia, July 3 - 7, 2006
Boston Scientific, Maple Grove, Minnesota, USA, May, 3 - 5, 2006

17. Winnerl], S.
THALES, Paris, France; Feb 12 - 18, 2006

18. Zhang, G.
ESRF Grenoble, France; July 14 - 18, 2006

19. Zhou, S.
ESRF Grenoble, France; July 14 - 18, 2006
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Al-Weheibi, A.
Sultan Qaboos University, Oman, April 1 - Aug 1, 2006

Asgekar, V.
University of Pune, India, June 9 - July 14, 2006

Bera, S.
Institute of Physics Bhubaneswar, India, March 13 - 31, 2006

Beshkova, M.
Institute of Electronics Sofia, Bulgaria, Oct 5 - Dec 15, 2006

Cheng, R.
Lanzhou University, China, Oct 1 - Dec 25, 2006

Cizek, J.
Charles Unviversity Prague, Czech Republic, May 25 - June 16, 2006

Dev, B.N.
Institute of Physics, Bhubaneswar, India, Jan 1 - March 31, 2006

Dvurechenskii, A.
AdW Novolibirsk, Russia, March 31 - April 08, 2006

Glotov, A.

IPPE Obninsk, Russia, Aug 13 - 19, 2006

Gooda, P.

Imperial College London, Great Britain, July 31 - Oct 20, 2006

Hreben, S.

Westbohmische Universitédt Plzen, Czech Republic, June 6 - Sept 8, 2006
Kabiraj, D.

Inter-University New Delhi, India, May 29 - June 17, 2006

Krok, F.

Jagiellonian University of Krakow, Poland, Sept 24 - 29, 2006
Kuriplach, J.

Charles University Prague, Czech Republic, Nov 1 - 15/ Nov 28 - Dec 12, 2006
Markov, A.

Institut fiir Hochstromelektronik Tomsk, Russia, Oct 8 - Dec 16, 2006

Martins, R. M. S
University of Lisboa, Portugal, March 1, 2006 - Feb 28, 2007

Mashina, A.

Universitdt Lipezk, Russia, April 17 - May 15, 2006

Mukesh, R.

Institute for Plasma Research Gandhingar, India, Sept 15 - Dec 15, 2006
Nazarov, A.

Institut of Semiconductor Physics Kyiv, Ukraine, April 23 - June 9, 2006
Oates, T.

University of Sydney, Australia, Aug 1 - 31/ Oct 1 - 31, 2006

Odor, G.

KFKI Budapest, Hungary, July 2 - 14/ Sept 3 - 15/ Oct 9 - 21, 2006/ Nov 12 - 24, 2006
Osiuk, L.

Institut of Semiconductor Physics Kyiv, Ukraine, April 23 - June 9, 2006

Ozerov, M.
National Kyiv Taras Shevchenko University, Ukraine, June 5 - Sept 5, 2006



86 Guests / Visitors
24. Pagowska, K.
Institute of Electronic Materials Technology, Poland, March 5 - 11, 2006
25. Peng, H.
Lanzhou University, China, Oct 1 - Dec 25, 2006
26. Rudolphi, M.
Institute of Geological and Nuclear Science Lower Hutt, New Zealand, June 26 - July 7, 2006
27. Sass, ].
Institute of Electronic Materials Technology, Poland, May 21 - 25,2006
28. Satpati, B.
Paul-Drude-Institut Berlin, Germany, Feb 8 - 11, 2006
29. Smith, M.
Cambridge University, Great Britain, May 1 - Dec 15, 2006
30. Som, T.
Institute of Physics Bhubaneswar, India, March 1 - June 2, 2006
31. Stonert, A.
Institute of Electronic Materials Technology, Poland, March 5 - 11/ June 4 - 10, 2006
32. Tsyganov, L
Universitdt Lipezk, Russia, April 17 - May 10 / July 24 - Sept 14/ Sept 23 - 27/ Dec 29, 2006 - Feb. 28, 2007
33. Turos, A.
Institute of Electronic Materials Technology, Poland, March 5 - 11/ May 28 - June 8, 2006
34. Tyagulski, L
Institut of Semiconductor Physics Kyiv, Ukraine, April 23 - June 9, 2006
35. Wang, T.
Lanzhou University, China, May 23 - June 31, 2006
36. Windl, W.
Ohio State University, USA, July 26 - 27, 2006
37. Yankov, R.

Universitdt Almaty, Kazakhstan, July 5 - Sept 8, 2006

AIM Visitors

1.

Barlak, M.
Soltan Institute, Warschau, Poland; Sept 2 - 8 / Dec 4 - 14, 2006

Beckers, M.
Uni Linkoping, Sweden; July 9 - 17 / Sept 3 - 9, 2006

Gago, R
Uni Madrid, Spain; Sept 16 - 22, 2006

Gordillo, N.
Uni Madrid, Spain; Oct 30 - Nov 23, 2006

Krickl, R.
Uni Wien, Austria; Nov 6 - 11, 2006

Menendez, E.

Uni Barcelona, Spain; Sept 20 - Oct 7 / Dec 12 - 22, 2006
Misjak, F.

KFKI Budapest, Hungary; Nov 9 - 18, 2006

Miiller, D. C.
ETH Zirich, Switzerland; July 24 - 27, 2006

Nasdala, L.
Uni Wien, Austria; Nov 6 - 8, 2006
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10.

11.

12.

13.

14.

Poberaj, G.
ETH Ziirich, Switzerland; June 25 - 30 / Oct 22 - 27, 2006

Piekoszewski, J.
Soltan Institute, Warschau, Poland; Sept 2 - 8 / Dec 4-14, 2006

Radnoczi, G.
KFKI Budapest, Hungary; Nov 9 - 18, 2006

Redondo, A.
Uni Madrid, Spain; Sept 16 - 22, 2006

Sort, J.
Uni Barcelona, Spain; Sept 20 - Oct 7, 2006

IA-SFS Visitors

1.

Carpenter, B.
University of Sheffield, U.K.; Dec 5 - 9, 2006

Ceponkus, J.

Vilnius University, Lithuania; May 9 - 13 / Sept 10-16 / Nov 5 - 11, 2006
Jobson, K.

University of Sheffield, U.K.; Sept 4 - 13, 2006

Khalil, G. E.

University of Sheffield, U.K.; Sept 4 - 13, 2006

Sablinskas, V.

Vilnius University, Lithuania; Feb 27 - March 3 /April 10 - 14 / May 9-13 / Sept 10 - 16 / Nov 5 - 11, 2006
Wilson, L.E.

University of Sheffield, U.K.; Nov 3 - Dec 2, 2006

Zibik, E.

University of Sheffield, U.K.; Nov 30 - Dec 9, 2006

ROBL-MRH Visitors

1.

Beckers, M.
Linképing University, Linkoping, Sweden; March 1 -7 / Oct 31 - Nov 7, 2006

Braz Fernandes, F. M.
CENIMAT E.C.T./Universidade Nova de Lisboa, Lisbon, Portugal,
Feb15-21 / April 19 - 25 / April 26 - May 2 / July 5 - 10, 2006

Cordeiro Silva, R. J.
CENIMAT F.C.T./Universidade Nova de Lisboa, Lisbon, Portugal, Feb 15 - 21 / July 5 - 10, 2006

Fuhrmann, N.
AMD Saxony, Dresden, Germany; Aug 30 - Sept 5, 2006

Gaca, J.
ITME Warsaw, Poland; Feb 9 - 14, 2006

Hoglund, C.
Linképing University, Linkoping, Sweden; March 1 - 7, Oct 31 - Nov 7, 2006

Kréusslich, J.
Institut fiir Optik und Quantenelektronik, FSU Jena, Jena, Germany; July 12 - 15, 2006

Mabhesh, K.
CENIMAT F.C.T./Universidade Nova de Lisboa, Lisbon, Portugal; Feb 15 - 21 / July 5 - 10, 2006

Pinto, H. C.
Institut fiir Werkstoffkunde, TU Wien, Vienna, Austria; June 21 - 27, 2006



88 Colloquium

10. Prinz, H.
AMD Saxony, Dresden, Germany; March 8 - 13, 2006

11. Rinderknecht, J.
AMD Saxony, Dresden, Germany; March 8 - 13 / Aug 30 - Sept 5, 2006

12. daSilva, P.
Institut fiir Werkstoffkunde, TU Wien, Vienna; Austria; June 21 - 27, 2006

13. Sket, F.
Institut fiir Werkstoffkunde, TU Wien, Vienna, Austria; June 21 - 27, 2006

14. Teichert, S.
Qimonda Dresden, Germany; Sept 23 - 26, 2006

15. Wehrhan, O.
Institut fiir Optik und Quantenelektronik, FSU Jena, Jena, Germany; July 12 - 15, 2006

16. Zastrau, U.
Institut fiir Optik und Quantenelektronik, FSU Jena, Jena, Germany; July 12 - 15, 2006

17. Wojcik, M.
ITME Warsaw, Poland; Feb 9 - 14, 2006

18. Zienert, L.
AMD Saxony, Dresden, Germany; March 8 - 13 / Aug 30 - Sept 5, 2006

Colloquium

1. Back, C.- Universitdt Regensburg, Institut fiir Experimentelle Physik, Germany
Magnetisierungsdynamik: Als die magnetischen Bilder laufen lernten
Feb 2, 2006

2. Ratzinger, U. - Universitit Frankfurt, Institut fiir Angewandte Physik, Germany
Kompakte Ionen - Linearbeschleuniger fiir gepulsten sowie fiir Dauerstrichbetrieb
May 4, 2006

3. Aziz, M. - Harvard University, Cambridge, MA, USA
Nanoscale morphology control using ion beams
Sept 13, 2006

4. Helmersson, U. - Linképing University, Sweden
Ionized deposition using high power pulsed sputtering
Oct 19, 2006

5. Price, K. - EOS Development, U.K.
EU funded research: how to be successful
Oct 25, 2006

6.  Straede, C. - CemeCon Scandinavia A/S, Denmark
Industrial implementation of ion implantation in the tooling industry
Nov 2, 2006

7. Huber, B. - Centre Interdisciplinaire de Recherche Ions Lasers CIRIL - GANIL, France
Stability and fragmentation of charged finite-size systems: From molecules to micro droplets
Nov 16, 2006

8. Wegener, M. - Universitit Karlsruhe, Germany
Photonic crystals: Tailored optical materials for the 21st century
Dec 8, 2006

9. Nylandsted Larsen, A. - University of Aarhus, Denmark
The never ending story of the E-center in silicon
Dec 14, 2006

10. von Blanckenburg, F. - Institut fiir Mineralogie, Universitit Hannover, Germany
Kosmogene Nuklide in den Erd- und Umweltwissenschaften
Dec 21, 2006
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Seminars

1.

10.

11.

12.

14.

16.

Arps, J. H. - Southwest Research Institute San Antonio TX, USA
Surface engineering experiments at the Southwest Research Institute
July 3, 2006

Bersani, M. - ITC-irst Trento, Italy

Aspects and examples of dopant depth profiling in semiconductors by SIMS-ITC-irst structure, projects
and capabilities

Oct 19, 2006

Buatier de Mongeot, F. - University of Genova, Italy
Nanoscale pattern formation on metal surfaces inducted by growth and erosion instabilities
Sept 28, 2006

Chini, T. K. - Saha Institute, India
Medium-keV Ar-ion-induced surface repples in silicon: experiment vs theory
Jan 25, 2006

Falke, M. - Technische Universitat Chemnitz, Germany

Different disilicide thin films and aberration corrected scanning transmission electron microscopy:
Composition, defects, interfaces and texture

Nov 13, 2006

Gupta, R. - School of Instrumentation, D.A. University Indore, India

Influence of preparation conditions and ion irradiations on the microstructure and magnetic properties of
thin magnetic films

July 4, 2006

Kalish, R. - Technion Haifa, Israel
Nanoscale modification of diamond - Interesting science and promising
May 8, 2006

Kishino, K. - Sophia University Tokyo, Japan
GaN-based nanostructure devices - blue to red InGaN nanocolumn LEDs and 1.55 ym GaN/AIN QWIP
March 6, 2006

Krok, F. - Jagellonian University Krakau, Poland
Principles of non-contact AFM
Sept 9, 2006

Meissl, W. - Technische Universitiat Wien, Austria

Surface modifications on and electron emission from insulator surfaces induced by impact of slow highly
charged ions

Nov 14, 2006

Morawetz, K. - Technische Universitdt Chemnitz, Germany
Kinetic theory for strong correlation effects
Dec 18, 2006

Miiller, D. C. - ETH Ziirich, Switzerland
Dopant interactions in highly doped silicon junctions: Ab initio simulations
July 25, 2006

Mukherjee, S. - IPP Ghandinagar, India
Effect of hydrogen and charge exchange on plasma diffusion treatments
June 22, 2006

Odor, G. - KFKI Budapest, Hungary
The role of diffusion in reaction-diffusion systems
Oct 10, 2006

Sahli, B. - ETH Ziirich, Switzerland
Ab-initio molecular dynamics simulation of diffusion in silicon
Dec 12, 2006

Satpati, B. - Paul-Drude-Institut for Solid State Electronics Berlin, Germany
Ion irradiation effects in metal nanostructures grown on semiconductor surfaces
Feb 9, 2006



90 Projects

17. Sort, J. - Universitit Barcelona, Spain
Exchange biased magnetic vortex structures
Sept 29, 2006

18.  Windl, W. - Ohio State University Columbus, USA
Silicon technology and the predictive power of ab-initio calculations
July 26, 2006

19. Lingz, S. - Universitdt Miinster, Germany
Generalized Kuramoto-sivashinsky equations as models for ion-beam erosion
May 9, 2006

Projects

1. 10/2002 - 09/2006 European Union EU
New Fullerene - Synthesis, structure and properties of new fullerene like materials
Dr. A. Kolitsch Tel.: 0351 260 3348 a.kolitsch@fzd.de

2. 11/2002 - 01/2006 Deutsche Forschungsgemeinschaft DFG
Phasen- und Strukturdesign von Ti-Al-N-Schichten durch Echtzeit-in-situ-Rontgendiffraktion
Dr. N. Schell Tel.: +33 (0)4.76.88.23.67 schell@esrf.fr

3. 03/2004 - 02/2009 European Union EU
IA-SFS - Integrating activity on synchrotron and free electron laser science
Prof. M. Helm Tel.: 0351 260-2260 m.helm@fzd.de

4. 07/2004 - 06/2006 Deutsche Forschungsgemeinschaft DFG
Theoretische Untersuchungen zu Wachstum, Stabilitit und Funktionalitit von Nanodrihten
Dr. K.-H. Heinig Tel.: 0351 260-3288 k.h.heinig@fzd.de

5. 07/2004 - 06/2006 Deutsche Forschungsgemeinschaft DFG
Synthese von Nanodrihten und Nanoketten mit feinfokussierten Ionenstrahlen
Dr. B. Schmidt Tel.: 0351 260 2726 bernd.schmidt@fzd.de

6. 08/2004 - 07/2006 European Union, Marie-Curie-Program EU
POLYION - Polymer surface modification by ion implantation
Dr. E. Richter Tel.: 0351 260-3326 erichter@fzd.de

7. 09/2004 - 06/2006 Bundesministerium fiir Bildung und Forschung BMBF
Funktionalisierung der Oberflichen von Polyurethan als Basiswerkstoff fiir flexible
und im Blutkontakt stehende medizinische Implantate und Devices
Dr. E. Richter Tel.: 0351 260 3326 erichter@fzd.de

8. 09/2004 - 08/2007 WTZ with Russia WTZ
Titan im Blutkontakt
Dr. E. Richter Tel.: 0351 260 3326 erichter@fzd.de

9. 01/2005 -12/2006 DAAD-Poland DAAD
Ionenstrahlmodifizierung mit Polymeren
Dr. D. Grambole Tel.: 0351 260 3050 d.grambole@fzd.de

10. 01/2005 -12/2008 European Union EU
EuroMagNET - A coordinated approach to access, experimental development and
scientific exploitation of European large infrastructures for high magnetic fields
Prof. M. Helm Tel.: 0351 260 2260 m.helm@fzd.de

11. 02/2005 - 03/2006 European Union EU
NANOMULTI - Nanostructured nonmagnetic and magnetic multilayers
Dr. R. Grotzschel Tel.: 0351 260 3294 r.groetzschel@fzd.de

12. 04/2005 - 12/2007 DEGUSSA AG Industry
Untersuchungen zur Blitzlampentemperung beschichteter Substrate
Dr. W. Skorupa Tel.: 0351 260 3612 w.skorupa@fzd.de

13.  04/2005 - 06/2007 Arbeitsgemeinschaft industrieller Forschungsvereinigungen AiF

Oxidationsschutz fiir neuartige Hochtemperatur-Leichtbauwerkstoffe
durch Ionenimplantation ( III)
Dr. A. Kolitsch Tel.: 0351 260 3348 a.kolitsch@fzd.de
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14. 04/2005 - 03/2010 European Union EU
PRONANO - Technology for the production of massively parallel intelligent
cantilever-probe platforms for nanoscale analysis and synthesis
Dr. B. Schmidt Tel.: 0351 260 2726 bernd.schmidt@fzd.de

15. 06/2005 - 12/2006 AMD Saxony Industry
Réntgen-Mikrofokus an ROBL
Dr. N. Schell Tel.: +33 (0)4.76.88.23.67 schell@esrf.fr

16. 06/2005 -11/2007 Deutsche Forschungsgemeinschaft DFG
Mossbauerspektroskopie an ionenimplantierten magnetischen Halbleitern
Dr. H. Reuther Tel.: 0351 260 2898 h.reuther@fzd.de

17. 07/2005 - 06/2007 Robert Bosch GmbH Industry
NanoHoch - Nanostrukturierte Hochtemperatur-Halbleiter fiir integrierte
Abgassensoren in Dieselmotor- und Magermotorapplikationen
Dr. V. Heera Tel.: 0351 260 3343 v.heera@fzd.de

18. 09/2005 - 02/2010 European Union EU
FOREMOST - Fullerene-based opportunities for robust engineering:
Making optimised surfaces for tribology
Dr. A. Kolitsch Tel.: 0351 260 3348 a.kolitsch@fzd.de

19. 11/2005 - 10/2007 Eifeler GmbH Industry
Technologietransfer c- BN
Dr. A. Kolitsch Tel.: 0351 260 3348 a.kolitsch@fzd.de

20. 01/2006 - 03/2007 Boston Scientific Scimed Industry
Nitinol IT
Dr. A. Kolitsch Tel.: 0351 260 3348 a.kolitsch@fzd.de

21. 01/2006 -12/2009 European Union EU
ITS-LEIF - Ion Technology and Spectroscopy at Low Energy Ion Beam Facilities
Dr. S. Facsko Tel.: 0351 260 2987 s.facsko@fzd.de

22.02/2006 - 01/2010 European Union EU
AIM - Center for Application of Ion Beams to Materials Research
Dr. A. Kolitsch Tel.: 0351 260 3348 a.kolitsch@fzd.de

23. 07/2006 - 09/2007 Deutsche Forschungsgemeinschaft DFG
Hybrid-Modell
Dr. S. Gemming Tel.: 0351 260 2470 s.gemming@fzd.de

24. 07/2006 - 10/2009 Deutsche Forschungsgemeinschaft DFG
Magnetschicht (FOR520)
Dr. S. Gemming Tel.: 0351 260 2470 s.gemming@fzd.de

25. 08/2006 - 11/2007 Sidchsisches Staatsministerium fiir Wirtschaft und Arbeit SMWA
Solarmetall - Entwicklung und Optimierung der optisch transparenten und elektrisch
leitfahigen Deckschicht
Dr. A. Kolitsch Tel.: 0351 260 3348 a.kolitsch@fzd.de

26. 12/2006 - 11/2008 Qimonda Dresden Industry
Ionenstreu-Analysen an Halbleiter-Materialien
Dr. R. Grotzschel Tel.: 0351 260 3294 r.groetzschel@fzd.de

27. 11/2006 - 10/2007 Qimonda Dresden Industry
Rontgenbeugungs-Analysen an Halbleiter-Materialien
Dr. J. von Borany Tel.: 0351 260 3378 j.-v.borany@fzd.de

28. 12/2006 - 11/2007 Sédchsisches Staatsministerium fiir Wirtschaft und Arbeit SMWA
Materialcharakterisierung MUSIGUSS
Dr. W. Skorupa Tel.: 0351 260 3612 w.skorupa@fzd.de

29. 12/2006 - 11/2008 Arbeitsgemeinschaft industrieller Forschungsvereinigungen AiF
Nanomorph - Amorphe Nanostrukturen
Dr. A. Kolitsch Tel.: 0351 260 3348 a.kolitsch@fzd.de

30. 01/2006 - 12/2007 DAAD-Portugal DAAD

Erzeugung und Charakterisierung von Ni-Ti Shape Memory Diinnschicht-Legierungen
Dr. N. Schell Tel.: +33 (0)4.76.88.23.67 schell@esrf.fr
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31. 06/2006 - 11/2006 Séchsisches Staatsministerium fiir Wissenschaft und Kunst SMWK
Gastaufenthalt von Herrn Dr. Odor aus Ungarn
Dr. K.-H. Heinig Tel.: 0351 260-3288 k.h.heinig@fzd.de

32. 07/2006 - 09/2006 Sidchsisches Staatsministerium fiir Wissenschaft und Kunst SMWK
Gastaufenthalt von Herrn Dr. Zyganov aus Russland
Dr. E. Richter Tel.: 0351 260-3326 erichter@fzd.de

33. 07/2006 - 09/2006 ICT GmbH Industry
Fertigung von PrSi-LAMS Emittern
Dr. B. Schmidt Tel.: 0351 260 2726 bernd.schmidt@fzd.de

34. 11/2006 - 06/2008 SARAD GmbH Industry
Entwicklung und Herstellung von ionenimplantierten Si-Strahlungsdetektoren
Dr. B. Schmidt Tel.: 0351 260 2726 bernd.schmidt@fzd.de

35. 11/2006 - 01/2007 ETH Ziirich Industry
Herstellung und Untersuchung von co-implantierten Schichtstrukturen
Dr. B. Schmidt Tel.: 0351 260 2726 bernd.schmidt@fzd.de

36. 12/2006 - 12/2009 VKTA e.V. Dresden Bilateral

Durchfithrung von REM- bzw. EDX- sowie Mossbauer-spektroskopischen
Untersuchungen an Metallproben
Dr. H. Reuther Tel.: 0351 260 2898 h.reuther@fzd.de
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Experimental Equipment

1.  Accelerators, Ion Implanters and Ion-Assisted-Deposition

=  Van de Graaff Accelerator (VdG) 1,8 MV TuR Dresden, D
=  Tandem Accelerator (Td) 5MV NIIEFA, RU

=  Tandetron Accelerator (Tdtr) 3MV HVEE, NL

=  Low-energy Ion Implanter 0.5-50kV Danfysik, DK
=  High-current Ion Implanter 20 - 200 kV Danfysik, DK
= High-energy Ion Implanter 40 - 500 kV HVEE, NL

=  Plasma Immersion Ion Implantation 5-60keV GBR, D /Home-built
=  Focused Ion Beam (15 nm) 30 keV, 10 A/cm?2 Orsay Physics, F
=  Dual-beam Magnetron Sputter Deposition Roth & Rau; D
=  lon-beam-assisted Deposition

=  UHV Ion Irradiation (Ar, He, etc.) 0-5keV,Scan 10 x10mm?2 VG, USA

2. Ion Beam Analysis (IBA)

A wide variety of advanced IBA techniques are available at the MeV accelerators.
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= RBS Rutherford Backscattering 1), (2),(3), (9 VdG, Td, Tdtr

= RBS/C RBS + Channelling 1), (2),3), (9 VdG, Td, Tdtr
High-resolution RBS/C (11) Tdtr

= ERDA Elastic Recoil Detection Analysis (2), @), 5) VdgG, Td

= High-resolution ERDA (7), (8) Td

= PIXE Proton-induced x-ray Emission 3) Td

= PIGE Proton-induced y Emission 3) Td

= NRA Nuclear Reaction Analysis 4) Td

= NRRA Nuclear Resonance Reaction Anal.  (6) Td

= Nuclear Microprobe (10) Tdtr

Some stations are equipped with additional process facilities which enable in-situ IBA
investigations during ion irradiation, sputtering, deposition, annealing etc.
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3.  Other Particle Based Analytical Techniques
= SEM Scanning Electron Microscope 1-30keV Hitachi, Jp
+ EDX
= TEM Transmission Electron Microscope 80 - 300 keV FEI, NL
(Titan 80-300 with Image Corrector) + EDX, +GIF
= AES Auger Electron Spectroscopy + XPS Fisions, GB
= CEMS Mossbauer Spectroscopy 57Fe source Home-built
= PAS Positron Annihilation Spectroscopy 2Na source Home-built
30 V-36kV

4. Photon Based Analytical Techniques
= XRD/XRR X-Ray Diffraction and Reflection Cu-K, Bruker axs, D

HR-XRD High-Resolution XRD Cu-K, GE Inspection, D

XRD/XRR with Synchrotron Radiation 5-35keV ROBIL-CRGatESRE, F
= SE Spectroscopic Ellipsometry 250 - 1700 nm Woolam, USA
= FTIR Fourier-Transform Infrared Spectr. 600 - 7000 cm-! Nicolet, USA
= FTIR Fourier-Transform Infrared Spectr. 50 - 15000 cm-! Bruker, D
= Ti:Sapphire Femtosecond Laser Spectra Physics, USA
= Femtosecond Optical Parametric Oscillator APE, D
= Ti:Sapphire Femtosecond Amplifier Femtolasers, A
= Femtosecond Optical Parametric Amplifier Light Conversion, LT
= Raman Raman Spectroscopy > 45 cm? shift Jobin-Yvon-Horiba, F
= PL Photoluminescence 300 - 1500 nm Jobin-Yvon-Horiba, F
= EL Electroluminescence (10-300 K) 300 - 1500 nm Jobin-Yvon-Horiba, F

Opt. Split-Coil Supercond. Magnet 7T Oxford Instrum.., UK

= PR Photomodulated Reflectivity 300 - 1500 nm Jobin-Yvon-Horiba, F
= PLE Photoluminescence Excitation 300 - 1500 nm Jobin-Yvon-Horiba, F
= TRPL Time-Resolved PL T>5ns Stanford Research, USA
5. Magnetic Thin Film Deposition and Properties Analysis
= MBE Molecular Beam Epitaxy with in-situ FIB CreaTec,D
= MBE Molecular Beam Epitaxy Home-built
= MFM Magnetic Force Microscope ~ 50 nm resol. Veeco/DI, USA
= SQUID Supercond. Quantum Interf. Device +7 T Quantum Design, USA
= MOKE Magneto-Optic Kerr Effect (in-plane) + 0.35 T Home-built
= MOKE Magneto-Optic Kerr Effect (perp.) +2T Home-built
= SKM Scanning Kerr Microscope Home-built
=  TR-MOKE Time-Resolved MOKE (pump-probe) Home-built
=  VNA-FMR Vector Network Analyzer Ferromagnetic Resonance Agilent/Home-built
6. Other Analytical and Measuring Techniques
=  Scanning Tunneling Microscope (with AFM-option) DME, DK
=  In-situ Scanning Tunneling Microscope (variable-Temp.) Omicron, D
=  Dektak Surface Profilometer Veeco, USA
=  Micro Indenter / Scratch Tester Shimatsu, Jp
=  Wear Tester (pin-on disc) Home-built
=  Spreading Resistance Profiling Sentech, D
=  Hall Effect Equipment (2 -400 K, <9 T) LakeShore, USA
= I-Vand C-V Analyzer Keithley, USA
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7. Processing and Preparation Techniques
=  Etching / Cleaning incl. Anisotropic Selective KOH-Etching
=  Photolithography 2 um-level Siiss, D
=  Thermal Treatment Room Temperature - 2000°C
e Furnace InnoTherm, D
e Rapid Thermal Annealing ADDAX, F
e Flash-lamp Unit (0.5 - 20 ms) Home-built
e RF-Heating (Vacuum) JIP.ELEC, F
=  Physical Deposition Sputtering DC / RF, Evaporation Nordiko, GB
Electron Beam Evaporation System Leybold Optics, D
=  Dry Etching Plasma and RIE Mode Sentech, D
=  Bonding Techniques Anodic, Si-Si and Wire Bonding
=  Cutting, Grinding, Polishing Biihler, D
=  TEM Sample Preparation Plan View and Cross Section
incl. Ion Milling Equipment Gatan, USA
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Services

The institute serves as a user center and technology transfer point in connection with its many years of
experience in the application of ion beams for modification and analysis of solid surfaces and thin films of
arbitrary materials.

Ion beam treatment of metallic materials (e.g. light metals like Al, Ti; stainless steel) can be advantageously
applied for the improvement of the tribological properties (hardness, wear, corrosion resistance etc.).
Using ion beam assisted deposition, hard coatings with special properties are obtained, such as a high
adhesive strength and low internal stress. New technologies of high energy ion implantation or focused
ion beam techniques result in new applications of electronic devices or microintegrated circuits.

Ion beams are an excellent instrument for the analysis of solid state surfaces. The interaction of the
incident ion beam with the surface layer of a material leads to a specific radiation response, which yields
information on the elemental composition as function of depth in a quantitative and essentially non-
destructive way.

Additional means of preparation and diagnostics are available to fulfill the needs of users from different
industrial branches. Do not hesitate to contact our experienced team.

Main Areas of Competence:

e Development and fabrication of sensors and detectors for charged particle spectroscopy

e Deposition of functional coatings using ion-assisted physical vapor deposition

e Fabrication of wear protection layers on metallic materials or alloys

e Deposition of blood compatible layers (i.e. TiOy) on different materials

e Jon implantation in a broad range of ion energy (~ 200 eV to ~ 50 MeV) and substrate temperature

e Advanced ion beam technologies (high energy ion implantation, focused ion beam) for microelec-
tronic applications

e Application of high energy ion implantation for power devices and laser structures

¢ Doping of semiconductors, in particular wide bandgap semiconductors

e Surface analysis of solid materials with high energy ion beams

e Computer simulation of ion beam interaction with materials

e  Optical characterization of materials (luminescence, FTIR, Raman)

Offers:

e Consultation and problem evaluation for ion beam applications

e Process development for ion beam treatment of different materials (metals, ceramics, semiconductors)

e Process development in ion-assisted deposition of thin films

e Preparation and treatment of material samples, tools or complex parts of devices

¢ Jon implantation and ion beam analysis services

¢ Jonimplantation into semiconductor materials for applications in microsystems and micro- and power
electronics,

e Preparation / fabrication of semiconductors or silicon radiation sensors under clean room conditions

e Structural diagnostics of materials surfaces including e-beam- (SEM, TEM, AES) and X-ray techniques
(XRD, XRR with both Cu-K and Synchrotron (5-35 keV) radiation).

Examples:

e Improvement of wear resistance of austenitic stainless steels using plasma immersion ion
implantation

e High energy ion implantation for power semiconductor devices,

e Micro- and nanoengineering with focused ion beams

e Non-destructive quantitative hydrogen analysis in materials

¢ Non-destructive ion beam analysis of art objects

e Doping of wide-bandgap-semiconductors (SiC, diamond)

¢ Nuclear microprobe for ion beam analysis with high spatial resolution

e Synchrotron radiation analysis of materials at the ROBL Beamline in Grenoble.
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Contact:

Please direct your inquiry about the application of ion beams for modification and analysis of materials to
one of the following experts:

Field of application Name Phone /Fax | E-mail

Ion implantation (metals, cera- | Dr. Andreas Kolitsch 3348 / 2703 | a.kolitsch@fzd.de
mics, polymers, biomaterials)

Ion implantation (semiconduc- | Dr. Johannes von Borany |3378 / 3438 |j.v.borany@fzd.de
tors, in particular high energy)

Thin film deposition Dr. Andreas Kolitsch 3348 / 2703 | a.kolitsch@fzd.de

High energy ion beam analysis | Dr. Rainer Grétzschel 3294 / 2870 |r.groetzschel@fzd.de

Semiconductor preparation Dr. Bernd Schmidt 2726 / 3285 |bernd.schmidt@fzd.de
Detector / Sensor fabrication

Focused ion beams Dr. Lothar Bischoff 2963 / 3285 | lLbischoff@fzd.de
Structural diagnostics Dr. Johannes von Borany | 3378 / 3438 |j.v.borany@fzd.de
Materials research with synchro- | Dr. Carsten Bahtz 2372 c.baehtz@esrf fr

tron radiation at ROBL (ESRF)

Optical materials Dr. Harald Schneider 2880 / 3285 | h.schneider@fzd.de
characterization

For all phone/ fax-numbers choose the country / local code: ~ + 49 351 260 - xxxx (for FZD)
+33 47 688 - xxxx (for ROBL)

The institute also recommends the homepages of its spin-off companies

e “GeSiM mbH” www.gesim.de
e “APT Dresden” www.apt-dresden.de
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Forschungszentrum Dresden - Rossendorf e.V. Postfach 51 01 19

D-01314 Dresden
Institute of Ion Beam Physics

and Materials Research (IIM) Eel-i 8;;} 328 gggg
ax:
http://www.fzd.de/FWI

DIRECTORS

Prof. Dr. Wolfhard Méller Prof. Dr. Manfred Helm
2245 2260

DIVISIONS

ION TECHNOLOGY SEMICONDUCTOR MATERIALS

(FWII) (FWIM)
Dr. Andreas Kolitsch / 3326 Dr. Wolfgang Skorupa /3612

Semiconductors

Optoelectronic Applications

Rapid Thermal Annealing Processes
Defect Engineering

Positron Annihilation Spectroscopy

MeV accelerators

Ion Implanter / PIII operation

Ion Beam and Plasma Assisted Deposition
Biotechnological Materials

Industrial Services and Projects

* & & o o
* & & o o

NANOFUNCTIONAL FILMS SEMICONDUCTOR SPECTROSCOPY
(FWIN) (FWIH)

Dr. Jiirgen Fassbender / 3096 Dr. Harald Schneider / 2880

Semiconductor Quantum Structures
Terahertz Spectroscopy

Femtosecond Spectroscopy

Free Electron Laser at ELBE

Optical Characterization (PL, FTIR, Raman)

Modification of Magnetic Materials
High Anisotropy Nanoparticles
Magnetic Semiconductors / Spintronics
Magnetization Dynamics

Fullerene-like Materials

* & 6 o o
* & & o o

ION BEAM ANALYSIS STRUCTURAL DIAGNOSTICS
(FWIA) (FWIS)

Dr. Rainer Grotzschel / 3294 Dr. Johannes von Borany / 3378

*
L4
*
L4
*

Ion-Solid-Interaction

High-Energy Ion Beam Analysis
Channeling Studies of Crystal Defects
Non-destructive Analysis of Art Objects
Composition / Modification of Materials

Electron Microscopy (TEM, SEM)

Electron Spectroscopy (AES, XPS)

Mossbauer Spectroscopy

X-ray Analysis

Materials Research with Synchrotr. Radiation

* & 6 o o

THEORY PROCESS TECHNOLOGY
(FWIT) (FWIP)

Dr. Matthias Posselt / 3279 Dr. Bernd Schmidt /2726

¢ Ion-Beam Synthesis of Nanostructures

¢ Formation and Evolution of Defects

¢ Atomistic Simulation of Ion implantation
and Ion-Assisted Deposition

¢ Interatomic Potentials for Solids

¢ Reaction-Diffusion-Models

Semiconductor Technology
Focused Ion Beam Technology
Thin Film Deposition

Computer Aided Structure Design
Electrical Characterization

Clean Room Operation

* & 6 & 0o o
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List of Personnel

Directors:

Prof. M. Helm
Prof. W. Moller

Office:

I. Heidel
S. Kirch
L. Post

Scientific Staff:

Permanent:

Dr. G. Abrasonis
Dr. L. Bischoff
Dr. J. von Borany
Dr. W. Biirger
Dr. F. Eichhorn
Dr. S. Facsko

Dr. J. Fafsbender
Dr. M. Friedrich
Dr. S. Gemming
Dr. D. Grambole
Dr. J. Grenzer
Dr. R. Grotzschel
Dr. V. Heera

F. Herrmann

Dr. K.-H. Heinig
Dr. R. Kogler
Dr. A. Kolitsch
Dr. U. Kreifiig
Dr. A. Miicklich
Dr. C. Neelmeijer
Dr. M. Posselt
Dr. K. Potzger
Dr. H. Reuther
Dr. E. Richter
Dr. N. Schell

Dr. B. Schmidt
Dr. H. Schneider
Dr. W. Skorupa
Dr. M. Voelskow
Dr. S. Winnerl
Dr. M. Zacharias

Post Docs:

Dr. K. Kiipper

Dr. J. Sun

Dr. M. Vinnichenko

Projects:

Dr. B. Abendroth
Dr. C. Akhmadaliev
W. Anwand

Dr. G. Brauer

Dr. O. Drachenko
Dr. M. Krause
R.S.M. Martins

Dr. F. Munnik

Dr. T. Oates

Dr. W. Pilz

Dr. A. Rogozin

Dr. N. Shevchenko
Dr. C. V.-B. Tribuzy
Dr. H. Weishart

Dr. R. Yankov

Dr. M. Zier

PhD Students:
M. Beckers
M. Berndt

V. Cantelli

A. Dreyhaupt
H. Gefsner

D. Giittler

R. Heller

A. Keller

D. Kost

B. Liedke

M. O. Liedke
D. Marké

A. Martinavicius
F. Peter

J. Potfajova

S. Prucnal

L. Rontzsch
D. Stehr

G. Talut

M. Thieme
M. Wagner

S. Zhou

Diploma
Students:
M. Berendt
T. Kunze
D. Nauert
S. Ohser

F. Peter

V. Petr

A. Silze

T. Strache
M. Wagner

Technical Staff:

Permanent:
R. Aniol

R. Aniol

G. Anwand
E. Christalle
H. Felsmann
K. Fukarek
B. Gebauer
H.-J. Grahl
P. Hartmann
J. Haufe

G. Hofmann
S. Klare

J. Kreher

A. Kunz

H. Lange

U. Lucchesi
F. Ludewig
M. Mifsbach
C. Neisser

E. Quaritsch
A. Reichel

B. Richter

M. Roch

B. Scheumann
G. Schnabel
A. Schneider
J. Schneider
A. Scholz

T. Schumann
K. Thiemig
A. Vetter

R. Weidauer
A. Weise

J. Winkelmann
G. Winkler

I. Winkler

L. Zimmermann

Projects:

S. Eisenwinder
M. Steinert

I. Skorupa

J. Zscharschuch
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