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Sub-nanometer atomic layers buried underneath overlayers of
different chemical composition play key roles in many areas
of materials science and technology!'! — including as func-
tional units in multilayer device structures,®’”) seed layers for
crystallization of thin films and nanostructures,® and buffer
layers for strain relief or termination control.l”) The distribution
of elements in and around buried layers often greatly affects
their electronic phase behavior and functionality,>!%-12 giving
rise to rapidly growing demands for chemical diagnostics with
atomic-scale resolution, element sensitivity and probing depths
comparable to the dimensions of the device structures. Existing
methods are either destructive (e.g., cross-sectional electron
and scanning-probe spectroscopies)!¥l or limited in probing
depth and resolution (e.g., photoelectron spectroscopy).'Yl Here
we introduce a new analysis scheme for resonant X-ray reflec-
tometry and demonstrate on the basis of experiments on two
different metal-oxide heterostructures that this technique is
capable of determining complex chemical composition profiles
in a non-destructive manner, and with a probing depth of hun-
dreds of nanometres, sub-nanometre spatial resolution, and
an excellent elemental sensitivity. The technique thus has the
potential to serve as an accurate and versatile characterization
tool for nanostructures composed of complex materials.

The necessity for novel chemical diagnostics is particularly
visible in the emerging field of nanostructured transition metal

oxides (TMOs),21 whose properties are highly sensitive to
chemical composition and stoichiometry.>1%-12] For instance,
accurate information about the dopant-atom distribution is
required to optimize the electron mobility in delta-doped TMO
devices.'>1% The current debate about the roles of chemical
intermixing in driving metal-insulator transitions in TMO het-
erostructures further illustrates the need for diagnosis tools on
the atomic scale.3-10:11]

Established chemical profiling techniques satisfy some, but
not all of the mentioned requirements. For example, X-ray
absorption spectroscopy (XAS),'”) hard X-ray photoemission
spectroscopy (HAXPES)! and ion-beam analysis'® (SIMS
and RBS) are element-specific but lack atomic-scale resolution.
Scanning transmission electron microscopy in conjunction
with electron energy loss spectroscopy (STEM-EELS)!319.20]
does not have these limitations. However, the preparation
procedure of the necessary thin cross-sectional slices is time-
consuming, and (like SIMS) usually leads to destruction of the
sample.

Here we introduce a new analysis scheme for resonant X-ray
reflectivity (RXR), a complementary, nondestructive, element-
specific spectroscopic probe of layered structures.*!"??l Despite
its large probing depth and sub-nanometer resolution, the wide-
spread application of RXR as a profiling tool has been ham-
pered by difficulties in extracting quantitative information from
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Figure 1. Schematic representation of the element specific method. (a) Real (light lines) and imaginary (dark lines) part of the scattering factors of three
different elements; as a specific example, we use La** (red), Ni** (blue) and Pr’* (green). (b) Assumed chemical depth profile, i. e. molar concentration
for each element. (c) In a first step, the depth profile of the real and imaginary parts of the susceptibility y(z,®) are calculated. (d) In a second step, a
reflectivity map is calculated. Subsequently, it is compared to a measured map, the chemical profile is adjusted and steps 1 and 2 are repeated, until

convergence is achieved.

the complex interference patterns obtained in reflectivity. The
scheme we have developed allows us to accurately reconstruct
chemical profiles of layered samples with arbitrary complexity.
We validate the method by comparing RXR results on TMO
heterostructures with a-priori information, and with STEM-
EELS measurements on the same samples.

In reflectivity®!l the material is described by the dielectric
susceptibility y(z,®), which depends on the concentration ¢;(z)
and the individual atomic scattering factors fi(w) (z is the dis-
tance from the substrate and o is the photon frequency). The
element, its valency and its electronic properties are character-
ized by the unique frequency dependence of f(w) (resonant
absorption edge, Figure 1(a)). The main problem is that phase
information is lost during the measurement process, which
prohibits a direct inversion of the q (wavevector) resolved data
into spatially resolved information.?23-25] Most reflectivity
investigations thus far have focused on measurements at a
single, non-resonant energy, typically in the hard X-ray range,
which only provides information about the overall electron con-
centration, without referring to individual elements. For this
limited case, or for the related problem in neutron reflectivity,
ways to solve or at least circumvent the phase problem?*] have
been put forward, for instance by introducing a reference layer
into the heterostructure.l2%l

Another approach, first discussed in Reference [27] for the
magnetic properties of Fe, is to take advantage of the strong
variation of y(w) in the vicinity of resonant absorption edges.
Later endeavours to perform chemical profiling this way were
either aiming at one single element,?®?% or were limited by
the small number of measured energies or the restricted wave
vector range.3031]

Here we extend the scope of RXR by exploiting the full
potential of this approach, which not only resolves the inherent
element nonspecificity of non-resonant reflectometry: Also, the
particular frequency dependence of y(w), the interference char-
acter of the measurements and the Kramers-Kronig relations,
which relate the real and imaginary part of y(z,®), preserve
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phase information in sufficiently large (q, ®) maps such as
those we have measured (Figure 3). This allows us to recon-
struct the detailed chemical profile.

To capture arbitrary intermixing and non-stoichiometry, we
start on the elemental level by describing the sample using
atomic scattering factors fi(w) and the concentration depth pro-
files ¢i(z) of each individual element in each of the valencies
present in the sample (Figure 1(b)). Figure 1(c) exemplifies how
the individual scattering factors shown in Figure 1(a) add up
to yield the real and imaginary part of y(z,). The total depth-
resolved susceptibility is

Kz0)=( NG (2) (@)

0 i

where k is the wave vector of the incoming beam, N, the Avog-
adro constant, and r, is the classical electron radius; f; is obtained
from XAS as described in the experimental section. Gradients
are modeled by segmentation? into thin layers with constant
ci(2) to allow the calculation of the resulting reflectivity according
to the Parratt formalismP®? as exemplified in Figure 1(d). The
remaining free parameters, namely the segment concentrations
and thicknesses, are optimized in a simultaneous fit to all meas-
ured reflectivity curves first using genetic and annealing algo-
rithms to avoid getting trapped in deep local minima, followed
by least-squares fits to obtain the final results.[?*33]

We demonstrate our new approach using two different sys-
tems of topical interest: (i) Structurally nearly perfect SrTiOs
(STO) films, 6-doped with La. Samples of this type have recently
been used to obtain two-dimensional electron gases with
very high mobility.'>1%] We use such a sample to determine
the detection limit for the concentration of dilute elements
in buried layers. (ii) A PrNiO; (PNO) thin film, a member of
a class of compounds that has recently attracted consider-
able attention because its phase behaviour can be controlled
in heterostructures.’3*%! This sample reveals the full power
of the method to determine complex chemical profiles since
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Figure 2. SrTiO; sample 6-doped with Lanthanum. (a) XAS data around the La M5 and M, edges in total electron yield (TEY) and fluorescence yield (FY)
mode. (b) Constant-g reflectivity scans, measured within the same energy range as the data in a), and compared with fitted simulations. (c) Constant-
energy reflectivity scans, compared with fitted simulations. For clarity, the curves have been multiplied by a factor of 100 with respect to each other. The
two vertical lines mark the oscillations stemming from the STO overlayer. The inset shows a magnified view of the curve, exposing thickness fringes
stemming from the STO buffer layer, which are marked by vertical lines. (d) Corresponding concentration profile, encompassing the surface and the
buried La,Sr,_,TiO; layer, obtained from the fits to the data. The resulting fitted parameters are: x = 0.006 and t, = (96 * 1) A, and the total thickness
of the synthesized heterostructure, including the buffer layer, is t,,, = (1106 + 10) A. The inset schematically shows the structure of the entire sample.

the unprotected film surface underwent substantial chemical
modification.

A titanate heterostructure, SrTiO;/La,Sr;_,TiO; (LSTO, 1
monolayer)/SrTiO; (buffer)//SrTiO; (001) with a nominal La
content of x = 0.005 was grown using molecular beam epitaxy
(see experimental section). The thickness ¢, of the top STO
layer was not known to the RXR team. Furthermore, an STO
buffer of unspecified thickness was grown below the LSTO
layer, resulting in a total thickness of t,,.

We investigated the sample with XAS and RXR (Figure 2).
Even in the more bulk-sensitive FY mode the XAS peaks barely
exceed the noise level, and besides, XAS even in principle does
not allow a quantitative assessment of either x or t,. The RXR
data, on the other hand, allow the precise determination of
x and t,: A first estimate of ¢, can be obtained from the large
thickness oscillations visible in panel (c). From the comparison
of the various scans taken at and around the La edge with simu-
lations based on the model in panel (d), which resulted from
the fitting procedure described above, we obtain x = 0.006 and
an STO layer thickness of t, = (96 * 1) A, in close agreement
with the targeted x = 0.005 and 100 A. We remark that, con-
sidering the large signal-to-noise ratio of the constant-q data in
Figure 2, the method has the potential to detect elemental con-
centrations significantly below the concentration of x = 0.006
found in our sample.

The total thickness t,, of the structure, including the STO
buffer layer, was extracted from the small dense oscillations
visible in the inset of panel (c). These result from additional
elemental contrast provided by tiny amounts of organic com-
pounds on the substrate surface, which cannot be fully removed
when preparing it for the film deposition.*®!

The second sample is PrNiO; deposited by pulsed laser epi-
taxy on (LaAlOj3)g 3-(Sr,AlTaOg), 7 substrate with (100) termina-
tion (see experimental section). While the targeted thickness
was 10 nm, measurements at the Ni L-edge indicate a thick-
ness closer to =9 nm. To resolve this seeming contradiction,

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

we have performed comprehensive RXR mappings around
the Ni L- and Pr M-edges, complemented by individual meas-
urements close to the O K-edge and at intermediate energies
(Figure 3). To obtain the detailed chemical profile, we assumed
a model consisting of a stoichiometric PrNiO; layer of variable
thickness and roughness, beginning at the substrate, covered
by a layer in which the concentrations, thicknesses and rough-
nesses of the Pr, Ni and O distributions were all variable and
independent from each other. This model allows us to capture
any potential intermixing at the substrate-film interface and
non-stoichiometry at the film surface, while at the same time
keeping the number of free parameters manageable (see Sup-
porting Information and Figure S2).

The fitted individual Pr, Ni and O concentration profiles and
the corresponding parameters are shown in Figure 4(b). The
simulated RXR results based on these profiles are in excellent
agreement with the measured data (Figure 3). The concentra-
tion profile in Figure 4(b) has several remarkable features:
First, at the surface of the film there is a region in which the Ni
concentration goes to zero whereas the Pr concentration is still
substantial and only vanishes nearly two unit cells above. The
resulting full widths at half maximum of the Ni and Pr distri-
butions are 91.6 A and 97.6 A, respectively, both with a rough-
ness of about 2 A. Stoichiometric variations of this kind can
drastically affect the electronic properties of transition metal
oxides, and are especially important for the interpretation of
data from surface-sensitive techniques.

Second, there is a thick contamination layer consisting
of oxygen and lighter elements on top of the film, which did
not desorb in UHV. Taking into account this layer is crucial to
obtain a satisfactory fit even at the relatively distant Ni and Pr
edges due to the additive character and Kramers-Kronig con-
sistency of y(z,m). We refrain from a detailed determination
of its composition, which would require substantial additional
mapping at energies below the oxygen K-edge, without adding
new information about the actual film.

Adv. Mater. 2014, 26, 6554-6559
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but both do not affect the fringe periodicity.
Therefore, errors in the determination of one
of the parameters cannot be compensated by

Figure 3. RXR results on the PrNiO; film. (a) Representative measured (red lines) and fitted
(black lines) reflectivity scans. (b) Comparison between the measured and the fitted reflectivity
map comprising a total of 31 individual scans, including those shown in a). The energies of the
four resonances La Ms, La My, Ni L3 and Ni L, are marked with arrows.
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Figure 4. Comparison between EELS and RXR results on the PrNiO; film. (a), Representative EELS profile around the Pr M, and Ni L; edges. The same
constant background was subtracted for both profiles. For each panel, the color scale was chosen such that the maximal intensity at the corresponding
edge is dark red. (b), Elemental depth profile for the three elements present in the film, Pr, Ni, and O, obtained from fits to the RXR data shown in
Figure 3. The region at the surface marked with darker red contains other light elements such as carbon and hydrogen, in addition to oxygen. The three
layers into which the sample was subdivided for the analysis are marked with vertical lines. The table shows the fitting results for the thickness, rough-
ness and concentration characterizing the profile of each element in the corresponding layer. Roughnesses are valid for the top interface of the corre-
sponding layer. Note that in the element-specific method, not all elements are present in all layers, and thicknesses can be different within the same layer.
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modifications in another one. Correlations between the three
parameters are thus minimal, and all of them can be robustly
extracted from the fits.

We completed our study by performing complementary
STEM-EELS measurements on specimens extracted from
various locations on the PrNiO; sample. Representative data
around the Ni and Pr edges is shown in Figure 4(a) and con-
trasted with the profile derived from the RXR measurements. It
corroborates our finding of a heavily Ni depleted surface layer
and substantial chemical roughness. The atomic-resolution
data in Supporting Figures S4 and S5 is also consistent with
our RXR finding of a sharp substrate/film interface. The full
width half maximum of the Ni profile, averaged over the dif-
ferent EELS measurements, is 88.5 A, in remarkable agreement
with the RXR result of 91.6 A. The same holds for Pr (97.6 A vs.
103 A).

The two methods are complementary in different aspects:
RXR is a non-destructive scattering technique, whose in-plane
resolution is limited by the macroscopic beam size (in pre-
sent implementations pm and above). STEM-EELS is destruc-
tive, but offers sub-nm resolution in one in-plane direction.
Whereas both exhibit monolayer or close-to monolayer depth
resolution, degraded crystallinity in the Ni-depleted layer might
effectively deteriorate resolution for STEM-EELS, but it does
not impact RXR results. The time and effort involved is compa-
rable: Advance application for measurement time is necessary
for both, and STEM requires an elaborate specimen prepara-
tion, whereas RXR depends on a sophisticated data analysis.

We next compare our approach to further established
methods with respect to destructiveness, the elemental detec-
tion limit, depth resolution and everyday availability. Several
methods such as SIMS,P”] Rutherford backscattering (RBS),!'8l
and sputtering XPS (SXPS)B8! can detect elemental densities of
100 p.p.m. or below, and in contrast to the more sophisticated
STEM-EELS and RXR are frequently available in local laborato-
ries. They are thus very good tools for quick routine characteri-
zation immediately after sample growth or processing. How-
ever, many of them have the disadvantage of being destructive,
thus potentially disturbing the stoichiometry with respect to
volatile elements like oxygen. Depth resolution is a further crit-
ical parameter: while several nanometers are readily achievable,
sub-nm or monolayer resolution is limited to a few techniques
such as RXR and STEM-EELS. Standing-wave techniques are
powerful non-destructive, element specific methods, which
exhibit monolayer resolution, but have a limited scope since
they require nearly perfect interfacesB¥ or elaborate superlattice
samples. 7]

Consequently, RXR will be typically applied to selected sam-
ples which have undergone preliminary characterization with
lab-based techniques. In this work we have focused our anal-
ysis on the determination of the chemical composition profile
of heterostructures. The capability of RXR to extract informa-
tion about interfacial electronic,*!*?l magnetic,*’l and orbital*
reconstruction in structurally and chemically nearly perfect
samples with simple, judiciously chosen layer sequences has
been previously demonstrated. The next step is the extension
of our approach to such reconstruction phenomena in systems
of increasing chemical and physical complexity: It is a pow-
erful method to study the chemical and physical properties of
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heterostructures comprising functional materials such as tran-
sition-metal oxides, topological insulators or pnictide supercon-
ductors. Technical developments are underway to allow meas-
urements with a strongly reduced beam spot size in the nano-
metre range, thus extending its applicability to laterally struc-
tured multilayers, ultimately allowing the spectro-microscopic
investigation of novel devices.

Experimental Section

The SrTiO3 heterostructures, 6-doped with La, were grown using a hybrid
molecular beam epitaxy (MBE) approach,® similar to that used for the
films investigated in Reference [16], at a substrate temperature of 900 °C
(measured by thermocouple). Oxygen was supplied during growth using
a RF plasma source operating at 250 W with an oxygen background
pressure of 4.107 Torr. After growth, these films were annealed in a
rapid thermal annealing furnace in 1 atm of oxygen at 800 °C for 30 s to
backfill any oxygen vacancies generated during growth.

The PrNiO; samples were synthesized using pulsed laser deposition
(PLD). Starting materials were ablated using a KrF excimer laser
(240 nm) with 2 Hz pulse rate and 1.6 J/cm? energy density, and
deposited in 0.5 mbar oxygen atmosphere at 730 °C. The resulting films
were subsequently annealed in 1 bar oxygen atmosphere at 690 °C for
30 min. The out-of-plane lattice constant of the PrNiO; film was
determined from X-ray diffraction to be (3.780 + 0.005) A.

The XAS and X-ray reflectivity measurements were carried out using
a 4-circle in-vacuum diffractometer at the REIXS 101D-2 beamline of
the Canadian Light Source (CLS) in Saskatoon, Canada. The samples
were mounted with their surface normal in the scattering plane. The
measurements were performed using o-polarized light. The reflectivity
scans were performed in specular geometry, in which the incident angle
0 is defined relative to the surface plane. Scans were recorded and
analyzed up to a detector angle of 20 = 90°, and where signal-to-noise
ratio permitted up to 110°. The temperature was kept constant at 298 K. A
detailed description of the experimental setup is reported in Reference [44].

The off-resonant parts of the atomic scattering factors of La, Pr,
Ni, Ti, and O were taken from Chantler tables.*’] The corresponding
resonant parts were retrieved from XAS measurements in total electron
yield (TEY) mode, background corrected, and aligned with the Chantler
database as described in Reference [4]. To correct the distortion of the
La signal due to the significant self-absorption, its scattering factor was
additionally parameterized and fitted to reflectivity data. The resulting
imaginary part of the scattering factors of the above elements is shown
in Figure S1. The other elements present in our systems (Sr, Al, Ta) were
taken into account by using tabulated values only, since their absorption
edges are sufficiently far away in energy as to not interact appreciably
with the main elements. For all elements, the real part of the scattering
factors was obtained by Kramers-Kronig transformation. The RXR
analysis method discussed in this paper is implemented in the software
package ReMagX, sl www.remagx.org.

STEM and EELS measurements were carried out on a FEI Titan3
microscope at an acceleration voltage of 200 kV. A FIB sample was
prepared and further thinned at liquid nitrogen temperature until
a thickness of around 50 nm was reached. EELS acquisitions were
performed with an energy resolution of 0.7 eV at a dispersion of 0.1 eV
per pixel on a GIF Tridiem ERS. The spectrum images were acquired with
a spacing 0.5 A/pixel and 50 ms/pixel acquisition time. The convergence
angle and collection angle used for the experiment were 20 and
200 mrad, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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