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Real-time in-situ spectroscopic ellipsometry of GaSb nanostructures during
sputtering: Identification of growth regimes
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! Physics Department, Norwegian University of Science and Technology (NTNU) NO-7491 Norway and
2UMR 125 Unit mizte CNRS/Saint-Gobain Laboratoire Surface du Verre et Interfaces
89 Quai Lucien Lefranc, F-93303 Aubervilliers Cedex, France
(Dated: February 12, 2009)

We demonstrate that in-situ spectroscopic ellipsometry can be used to measure the height evo-
lution of nanostructures during low energy ion sputtering of GaSb. A graded anisotropic effective
medium approximation is used to extract the height from the optical measurements. Two different
growth regimes have been observed, first exponential, then followed by a linear regime. The linear
regime is not expected by the traditional sputtering theories. The in-situ results correspond well to

ex-situ AFM measurements.

PACS numbers: 81.07.-b, 07.60.F's, 64.75.Yz

Self organized nanostructures open up for efficient and
low-cost production of materials with new and interesting
properties, with potential applications in electronics, op-
tics and life sciences [1-4]. A major challenge for control-
ling and understanding growth processes for such struc-
tures is the characterization of nanometer sized struc-
tures. Traditional near field techniques such as atomic
force microscopy (AFM), scanning electron microscopy
and transmission electron microscopy, are time consum-
ing and not suited for in-situ use. A fast observation
technique compatible with vacuum chambers is neces-
sary for studies of growth laws and their dependence
on formation conditions. Grazing-incidence small-angle
x-ray scattering (GISAXS) has been used for real time
in-situ characterization of nanostructures during growth,
with sub-nanometer sensitivity [5]. Unfortunately, this
technique requires an intense well-collimated x-ray beam,
typically provided by a synchrotron. Spectroscopic ellip-
sometry (SE) is on the other hand a much more accessible
technique, based on measuring the change of polarization
state of light, and ellipsometers can easily be mounted on
most growth chambers. It is a much used technique for
accurately measuring dielectric functions and the thick-
ness of thin layers (see e.g. [6]), and for real-time moni-
toring of thin film growth (see e.g. [7-9]). Because of the
wavelength range used, SE cannot determine the lateral
size or ordering of nanostructures. However, by model-
ing the structures as a thin film the average height can
be accurately determined. In this work we demonstrate
the capability of SE to monitor the height evolution of
nanostructures from real-time in-situ measurements. As
an example of nanostructuration, we have studied low
energy ion sputtering of GaSb, leading to high aspect ra-
tio pillars. Such structures have interesting antireflective
properties [10], and have recently been reported to have
a formation process induced by nanoscale segregation of
Ga [11], which could have interesting implications for the
growth law.

The nanostructures were prepared on commercially
available GaSb(100) wafers, in an ultra-high vac-
uum (UHV) chamber with a base pressure of 10~ 8mbar.

The sputter gas was 300eV Ar+ with a flux of (0.017 +
0.001)mA /scm®. The ion incidence was normal to the
sample surface, and all samples were sputtered at room
temperature. A SE (MM16, Horiba Jobin Yvon) with a
fast CCD spectrograph (spectral range 1.46-2.88eV) was
used to do in-situ measurements during sputtering. A
sketch of the setup is shown in Fig. 1
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FIG. 1: Sketch of the experimental setup. The polariza-
tion state generator (PSG) and the polarization state ana-
lyzer (PSA) of the ellipsometer were mounted on two low-
strain optical windows, giving a fixed angle of incidence of
45° on the sample.

A series of samples have been observed in-situ for dif-
ferent sputtering exposure times, ranging from 2 to 30
minutes. After sputtering the surfaces were characterized
by AFM. Fig. 2 shows an image of a sample surface after
sputtering, revealing disordered nanopillars with regular
shape and size, which can be described as truncated cones
(see inset Fig. 2)

In-situ SE spectra were recorded every 5th second dur-
ing the sputtering, by measuring the ellipsometric inten-
sities Ig and I¢. In case of no polarization coupling,
the latter can be expressed as Is = sin2W¥sin A and
Ic = sin2Wcos A, where ¥ and A are defined from
the ratio of the complex reflection coefficients 1, /rss =
tan ¥ exp(i¢A). Examples of SE measurements at dif-
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FIG. 2: (Color online) AFM image of the sample sputtered
for 30 minutes. The inset is a sketch of the optical model,
where h is the total height of the pillars, D1 and D2 are the
bottom and top relative diameters.
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FIG. 3: (Color online) In-situ SE measurements (dots) of
a sample at different stages in the formation process (after
0 (bottom curves), 1, 2, 3, 10 and 30 (top curves) minutes
of sputtering), together with fitted effective medium models
(solid lines).

ferent stages in the sputtering process are presented in
Fig. 3. The surface structuration has a strong impact on
the optical properties of the surface, indicating that SE
is highly sensitive to such structures.

In a previous publication we demonstrated that the
height of such nanostructures can be found by ex-situ
ellipsometry [10], through effective medium modeling of
the optical properties. The same model have been used to
simulate the in-situ SE measurements, simplified by ne-
glecting the oxide coating since the samples are measured
in vacuum. The effective medium approximation is valid
as long as the lateral dimension of the structures are suffi-
ciently smaller than the wavelength of light. The effective
dielectric function is calculated by treating the pillars as
a stack of cylinders of GaSb with decreasing radius, sur-
rounded by void. The effective dielectric function for each
layer is found by using a generalized Bruggeman effective
medium equation for ellipsoidal inclusions [12]

€y — €45
v =0,(1
+J €ii + Li(ey — €i) S

€GaSh — €ii
€ii + Li(€Gasy — €i1)

fGaSb

where f and e denote the filling factors and complex di-

TABLE I: Comparison between in-situ SE results and ex-situ
AFM measurements. hgsg and hapy are the heights found
from SE and AFM, Kapa is the mean nearest neighbor dis-
tance as estimated from AFM.

time 100s 2min 3min 5min 10min 30min
hsg(nm) 19 27 38 48 57 83
harn(nm) 22 26 35 46 55 82
Kapn(nm) 39 41 43 41 45 51

electric functions, respectively, with the subscript Ga.Sb
referring to the crystalline core, and v to the surrounding
void. L; denotes the depolarization factor in direction ¢
(along a principal axis of the structure) and ¢;; is the ef-
fective dielectric function in direction ¢. For cylindrical
inclusions, L; = 0.5 parallel to the mean surface, and
L, = 0 perpendicular to the mean surface. This gives a
uniaxial anisotropic material with the optic axis normal
to the mean surface. In this case there is no polariza-
tion coupling (r,s = rsp = 0). Reflection coefficients for
a stack of anisotropic layers have been calculated by an
implementation of Schubert’s algorithm [13], based on
Berreman’s 4 x 4 differential matrices [14].

Three parameters in the model have been fitted to the
experimental measurements by minimizing a x? function,
as reported in Ref. [10] These parameters are the total
height h of all layers, and the relative effective diameters
D; and D5 of the bottom and top cylinder, respectively
(see inset Fig. 2). The diameters of the cylinders in in-
termediate layers decrease linearly from D; to Dy. The
diameters have been normalized to the nearest neighbor
distance, since only volume filling factors affect the effec-
tive medium. The filling factors have been calculated for
hexagonal ordering.

The height infered from the in-situ SE measurements
are compared to AFM height measurements in Table I,
together with the lateral dimensions found by AFM. The
two heights are in good correspondence for all the sam-
ples. From Monte Carlo simulations and the observed
noise level, the dynamical sensitivity of the height de-
rived from SE has been estimated to be less than 1nm.
Finding the mean height of this kind of densely packed
high-aspect ratio structures from AFM measurements is
challenging, as images of these surfaces are very sensitive
to tip effects. To account for the AFM tip not always
reaching the bottom between closely packed pillars, the
height of each top have been calculated in relation to a lo-
cal minimum within a certain distance (d) from the top.
The mean height calculated this way increase strongly
with d as the distance is shorter than the mean bottom
pillar radius. Then it saturates, and the mean height
found then is a good approximation to real mean pillar
height. This saturation distance corresponds well to half
the mean nearest neighbor separation as estimated by
AFM.

The height evolution of the samples during sputter-
ing is derived from the SE measurements, and presented
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FIG. 4: (Color online) (a) Height evolution of GaSb nanopillars during low energy ion sputtering, for various ion beam exposure
times, together with the x? error function for the sample sputtered 30min. (b) Initial growth stage of the sample sputtered for

30 minutes.

in Fig. 4. The evolution of the different samples is ob-
served to be very reproducible. Initially the GaSb wafers
are covered by an approximately 7nm thick oxide layer,
which will be removed at the initial stage of sputter-
ing. In this stage the effective medium model described
above is not valid, but still shows a decrease in height,
corresponding to removal of oxide and possibly smooth-
ing of the surface. After about 1 minute the height of
the structure starts to increase at an exponential rate of
0.0225s71, lasting about 1 minute. The growth is then
followed by a transition stage, until the it becomes clearly
linear after approximately 6 or 7 minutes of sputtering,
with a growth rate of 0.019nm/s). No growth saturation
is observed within 30 minutes. The average deviation
from a linear fit for the last 15 minutes of sputtering is
0.3nm. The mean nearest neighbor distance estimated
from the AFM measurements seem to be unchanged for
the first 5 minutes of sputtering, and then to increase
slowly after the transition to linear growth, with a total
increase of approximately 10nm after 30 minutes.

The initial exponential growth of the structure during
sputtering can be explained by Bradly and Harper’s(BH)
theory [15], where the growth is due to competition be-
tween curvature dependent sputtering yield [16] and dif-
fusion processes. Non-linear extensions of the BH model

have been performed to describe growth saturation and
hexagonal ordering of the structure [17, 18], but a linear
regime has never been predicted for the growth. Le Roy
et al. [11] have ascribed the growth to gallium segrega-
tion. Gallium rich zones will act as a sputter shield, and
could account for the linear regime.

SE proves to be a sensitive tool for in-situ characteri-
zation of GaSb nanostructures, produced by low energy
ion sputtering. The method, in-situ SE combined with
appropriate modeling, gives results expected to be com-
parable to GISAXS synchrotron measurements, but with
a table top setup that could easily be adapted to most
growth chamber. The method has given new insight in
the formation process of such structures, and opens up
for an effective way to study the dependence of the struc-
ture growth on formation parameters (such as tempera-
ture, ion flux and energy). Such studies would be too
time consuming and inaccurate if performed by AFM or
electron microscopy methods. The method should be
transferable to similar structures of different materials,
formed by different processes.
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