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Mapping unit-cell thickness variations in thin films by post-deposition
reflection high-energy electron diffraction
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Reflection high-energy electron diffraction is a widely used tool to study the growth dynamics of thin films,
in situ and operando. Here it is applied after deposition, revealing that the morphological state of the surface is
connected to the amount of material underneath. We focus on the growth of LaAlO; thin films on a SrTiO3
substrate by pulsed laser deposition, utilizing a geometrically anisotropic plasma plume. After deposition,
oscillations in the intensity and width of the specular spot as a function of position are observed along the
short axis of the plasma plume. Each complete oscillation represents a unit-cell difference in film thickness, as
confirmed by local x-ray reflectivity measurements. We apply this approach to demonstrate the critical thickness
for conductivity at the LaAlO;/SrTiO; interface on a single sample. Our results introduce a straightforward
method to engineer and study thickness-dependent properties of epitaxial thin films on a highly detailed level.
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I. INTRODUCTION

The physical properties of thin films are often strongly
dependent on the thickness of the film. In some systems, this
dependence is critical — especially in the material class of
complex oxides, a thickness difference of a single monolayer
(or unit cell, u.c.) can completely change the physical behavior
of the film. For example, the emergence of ferroelectricity
[1], (ferro)magnetism [2], (semi)metallic behavior [3,4], and
superconductivity [5] depend critically on the film thickness
in many materials. Moreover, emergent properties at oxide
interfaces [6] are similarly affected by the thickness of the
constituent layers: the conductivity at the LaAlOs;/SrTiOs
interface [7,8], superconductivity in the FeSe/SrTiO3 system
[9], and ferromagnetism at LaMnO3/SrTiO5 interfaces [10]
are well-established examples.

To study such phenomena, it is essential to control the
film thickness on the atomic scale. Developed to monitor
the growth dynamics of semiconductor stacks [11-14], time-
resolved reflection high-energy electron diffraction (RHEED)
is very well suited to do so. As illustrated in Fig. 1, a high-
energy beam of electrons hits the substrate surface under
grazing incidence, where it is reflected and diffracted in a
characteristic pattern. RHEED is a highly surface-sensitive,
in situ probe for the surface crystal structure and morphology.
During layer-by-layer growth, the formation of a new layer
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is characterized by a full cycle of layer coverage, leading
to oscillations of the peak intensity [11] and width [12] of
the spots in the diffraction pattern. Monitoring these RHEED
oscillations operando, i.e., during film growth, enables the
control of layer thickness on the unit-cell level.

Here, we report the observation of similar oscillations in
the RHEED pattern, after the deposition of LaAlOj thin films
on a SrTiOj3 substrate, as a function of position on the sample.
These films are grown by pulsed laser deposition, using a
vertically elongated ablation spot. The resulting plasma plume
is highly confined (widespread) along the vertical (horizontal)
direction, yielding a particle flux gradient away from the
plume center. This flux gradient is reflected in the post-
deposition observation of position-dependent RHEED oscil-
lations. The oscillations emerge first from a certain distance
away from the plume center during deposition; the connection
between the particle flux gradient and the oscillation pattern
is established further by a correlation between the lateral
oscillation period and nominal film thickness. Comparing
the lateral oscillation profiles to local x-ray reflectivity mea-
surements shows that each full oscillation along the sample
surface represents a thickness difference of exactly one unit
cell. We apply this approach to deposit a LaAlO; film with
a thickness gradient from four to three unit cells, yielding
a metal-insulator transition at the LaAlO;/SrTiO3 interface.
The introduced RHEED-based method is a straightforward
means to analyze local thickness variations of epitaxially
grown thin films, empowering the study and engineering of
thickness-dependent properties in thin films in a single growth
step.

II. METHODS

Thin films of LaAlO3; were grown by pulsed laser depo-
sition (PLD) on 5 x 5 x 0.5 mm? SrTiO; substrates, using a
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FIG. 1. Schematic of a PLD-RHEED setup. The 100-um-wide
RHEED beam (green) hits the substrate at grazing incidence, cre-
ating a diffraction pattern which is made visible by a phosphorus
screen. Ideally, the center of the plasma plume hits the substrate in
exactly the same position. The blue arrow indicates the scan direction
to obtain lateral RHEED profiles.

single-crystalline LaAlOj; target (both provided by CrysTec
GmbH). The O, process pressure was 1 x 10~ mbar and
the substrate temperature was 850 °C, provided by a resistive
heater element to which the substrate was glued by silver
paint. Laser light from a KrF laser (Plasma Physik LPX 210i,
wavelength 248 nm) was led into the deposition chamber
through an optical path, in which the beam was shaped by
a stainless steel mask. This results in a rectangular spot on the
target, with an area of 1.76 mm? and a 4.8:1 elongation along
the vertical direction. As illustrated in Figs. 2(a) and 2(b), the
combination of the chosen laser spot and the relatively low
deposition pressure leads to a widely spread plasma plume
along the x direction, and a fairly confined plume along the
y direction. Compared to studies with a more isotropically
shaped plume [15,16], this should lead to a large particle
flux gradient along y, and a smaller difference in deposited
material along x. The laser fluence was 1.3J cm™2, the pulse
frequency was 1 Hz, and the substrate-target distance was
60 mm. After deposition, the samples were cooled down
to room temperature at a rate of 10°C/min at deposition
pressure, unless mentioned otherwise.

The RHEED setup consisted of a 35-kV electron source
[17] and a phosphorus screen, monitored by a camera. As
illustrated in Fig. 1, the 100-um-wide RHEED beam im-
pinges on the sample surface at grazing incidence, probing
a wide area on the sample surface along the propagation
direction. Prior to growth, the RHEED specular spot intensity
was maximized as a function of the angles of incidence
and azimuth. This approximates the optimal in-phase Bragg
diffraction conditions for the substrate, where the reflections
from each layer contributing to the reflected signal interfere
constructively. We find that in these conditions, the amplitude
of the growth oscillations is maximized. The thus obtained
RHEED patterns were analyzed using the KSA400 software,
and all measurements of peak intensity and the full width
at half maximum (FWHM) of the beam were done on the

cross-section of the specular spot along the [001] direction.
Position-dependent measurements were done by moving the
substrate surface along the given axis through the fixed
electron beam, using a constant-speed (0.25 mm/s) stepper
motor. Because of the elongated shape of the RHEED spot
on the sample surface, the RHEED pattern is independent of
lateral position x; therefore, the sample was rotated by 90°
for measurements along the long axis of the plume (denoted
x in the figures below). Unless stated otherwise, all position-
dependent measurements were done in growth conditions.

X-ray reflectivity (XRR) measurements were carried out
using a Bruker D8 Discover diffractometer with a high-
brilliance microfocus Cu rotating anode generator (2.5 kW),
hybrid Montel optics (parallel-focusing), 0.1-mm divergence
slit, a 0.3-mm-diameter pinhole beam collimator, and an
EIGER2 R 500 K area detector. No monochromator was used
to maximize the flux from the microfocus laboratory source,
sacrificing beam divergence for dynamic range, here more
than seven decades, enabling XRR data collection over a wide
angular range (up to 10° in the 26 direction). To collect the
specular reflection data, the detector was operated in conven-
tional zero-dimensional (OD) mode with a very small region
of interest (33 pixels, pixel size 75 x 75 um?) in a coupled
20 — w scan. No secondary optics in the diffracted beam
paths between sample and detector were installed. Faster
scan modes that would exploit the full two-dimensional (2D)
capabilities of the large detector, e.g., in rocking curve mode,
were avoided to minimize the effect of diffuse (air) scattering.

Two-point resistance measurements versus temperature
were carried out in a Quantum Design Physical Property
Measurement System (PPMS), using the built-in electronics
and a 5 A excitation current maximum, in two separate
cooldowns of the sample.

III. RESULTS

A. Lateral RHEED profiles

On sample A, 10 u.c. of LaAlO; were deposited in the
standard alignment: the RHEED beam and the center of the
plasma plume both pointed to the center of the substrate.
The film thickness was controlled by monitoring the RHEED
specular spot intensity during growth [18]. Before and after
deposition, the intensity and FWHM of the specular spot were
measured as a function of the vertical lateral position y. The
results are presented in Figs. 2(c) to 2(e). Figure 2(c) shows
the measurement along the y axis of the bare substrate—the
profile along x is very similar (not shown). In principle,
the substrate has a homogeneous surface and therefore, the
specular spot intensity and width should be constant as a
function of position. The measurement deviates from this
ideal profile due to three aspects of the experimental setup: (i)
a slight misalignment of the scan direction with the xy plane
of the substrate surface results in a monotonically changing
effective cross section of the beam with the sample surface,
leading to a constant slope in the reflected beam intensity;
(i1) vibrations in the setup are visible as small random vari-
ations; (iii) interference and refocusing effects on the sample
edges (y = £2.5 mm) cause local peak sharpening or broad-
ening, occasionally leading to a high maximum intensity and
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FIG. 2. Lateral RHEED profiles. (a, b) Front views of the substrate during deposition, overlaid with a schematic cross section of the plasma
plume (orange) and the ablation spot on the target (gray). The dotted lines schematically indicate contours of equal particle flux. (a) On sample
A, the plume and substrate centers are aligned, yielding a large homogeneous area in the middle of the sample. (b) On sample B, the plume and
the substrate center are offset along y (the short axis of the plume) by 2 mm. (c) Full width at half maximum (FWHM, top panel) and maximum
intensity (bottom panel) of the RHEED specular spot as a function of position y on sample A, taken just before deposition. y = 0 mm defines
the center of the sample and the sample edges are at £2.5 mm. Off the sample, the intensity drops to zero and the FWHM becomes undefined.
The origins for the deviation from an ideal, flat profile as a function of position are described in the main text. [(d), (¢)] Lateral RHEED profiles
taken directly after the deposition of 10 u.c. LaAlO; on sample A, along the y and x directions. The estimated position of the plume center
during deposition is indicated by the arrows. (f)—(h) Same as (c)—(e), for sample B. These curves are taken for both scan directions, showing

perfect overlap.

accompanying deviations in the FWHM signal. As will be-
come clear in the following, these artifacts do not impede the
analysis of post-deposition RHEED profiles.

After the deposition of 10 u.c. of LaAlOs3, Fig. 2(d) shows
a clear pattern of peaks and dips in the FWHM and intensity
signals along y. This pattern is symmetric around y = 0.3 mm,
aside from the still present constant background slope in the
intensity signal. Between y = —0.5 and 1.1 mm, the FWHM
signal is flat; the intensity signal shows a small dip, which we
attribute to stopping the deposition slightly late [18]. Along x,
the long axis of the plume, such a pattern is absent, as shown
in Fig. 2(e). This is also the case for a control sample grown
with a circular ablation spot [18], leading to a widespread
plume along both x and y and hence, position-independent
RHEED signals for both directions. We therefore conclude
that the pattern of peaks and dips is related to the more
confined shape of the plume in the y direction.

This is even more pronounced on sample B, which was
grown in the same conditions but with one difference: the
plume center (and the RHEED beam) had a vertical offset
of 2 mm with respect to the substrate center, as illustrated

in Fig. 2(b). As readily observed in Fig. 2(g), the pattern of
peaks and dips along y now forms clear oscillations. These
lateral oscillations appear only at y > —1 mm, below which
the signal is independent of y, like the region on the center
of sample A. The positions of the flat regions correlate with
the position of the plume center, indicating that the lateral
oscillations emerge first from a certain distance away from
the plume center.

During the deposition of a third sample C, the plume center
was even further away from the substrate center: In fact,
it was deliberately placed off the substrate at y = —4 mm.
For monitoring purposes, the RHEED beam remained fixed
at y = —2mm during growth. Figure 3(a) shows the lateral
intensity profiles along y for all three samples. Sample C has
no flat area anymore, but displays an oscillation pattern with
an apparently constant period. A closer look at the oscillation
pattern of sample B reveals that the oscillations have a longer
period closer to the plume center; further away, the period
decreases to the one observed for sample C.

On sample C, the number of pulses required to grow 1 u.c.
was larger than for all other samples studied: 17.3 instead of
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FIG. 3. Lateral RHEED intensity profiles along y for varying
deposition conditions. (a) On samples A through C, 10 u.c. of
LaAlO; were deposited with different offsets of the plume center
to the substrate center, as indicated by the arrows. Data are offset for
clarity. (b) On samples D and E, the plume center was kept at y =
—3 mm during deposition, while growing 40 and 4 u.c. of LaAlO;
at y = —2mm, respectively. The data for sample B (+ = 10 u.c.) is
included for completeness. Like in (a), the arrows indicate position
of the plume center during deposition and data are offset for clarity.

16 £ 0.5 pls/u.c. We attribute this to the fact that the RHEED
beam was located 2 mm below the plume center during depo-
sition, which according to the schematic in Fig. 2(b) should
lead to less material being deposited there. In other words, the
deposition rate in our samples decreases with distance to the
plume center and must thus be considered as a local property
due to the particle flux gradient illustrated in Fig. 2(a).

To investigate the effect of film thickness in more detail,
two more films were grown: Samples D and E had local
LaAlOj; thicknesses, ¢, of 4 and 40 u.c., respectively, as mea-
sured during growth at y = —2mm. The plume center was
at y = —3mm during these two depositions. The resulting
intensity profiles are presented in Fig. 3(b), which includes
the data for sample B (r = 10 u.c.) for completeness. Both
samples show lateral oscillations along y: for sample D, 15
full oscillations are observed, whereas sample E shows one
oscillation. We note that, again, no oscillations are observed
along x for either sample (not shown). On sample D, the
period of the oscillations is constant over the whole sample;
moreover, it is about four times smaller than that of sample C
and B, on which the LaAlOj3 film is four times thinner.

Based on this correlation of the oscillation period and
the film thickness, the observation of a locally varying de-
position rate and the coincidence of the plume center and
the region without lateral oscillations, we propose that the
lateral RHEED oscillations represent a systematic thickness
variation in the grown film. Such a thickness gradient would
manifest itself at the film surface as a continuously changing
top-layer coverage; if the thickness gradient exceeds one unit
cell, the coverage would be oscillating along the sample
surface. A full oscillation of coverage is reflected one-to-one
in the specular spot intensity [11] and width [12]. During
the layer-by-layer growth of thin films, this is observed at

a fixed location as a function of deposition time; in our
post-deposition measurements, as a function of position on
the sample surface. This proposed scenario implies that each
lateral oscillation represents a full LaAlO; coverage cycle;
hence, a thickness difference of exactly 1 u.c.

B. X-ray reflectivity

To test this hypothesis, we performed grazing-incidence
XRR measurements as a function of position on samples
C and D. Individual scans were performed perpendicular to
the presumed thickness gradient (in the same direction as
the RHEED beam), thus in narrow regions of approximately
constant thickness. The resulting XRR data for sample D, with
varying position y, are presented in Fig. 4(b); the results for
sample C are discussed in the Supplemental Material [18].
All the data show clear reflectivity oscillations, indicating low
surface and interface roughness, as well as a high thickness
homogeneity along the beam direction, in accordance with the
RHEED data.

To extract information on the local film thickness, mass
density, and layer roughness, these XRR data were analyzed
by simulations and fitting [18]. For both samples, the mass
density and surface roughness do not vary significantly with
position, with values of 6.0 to 6.2 g cm ™ and 0.35 to 0.4 nm,
respectively. We note that we did not make use of a knife-
edge collimator [19], which could have further increased
the accuracy of these values. Contrary to the density and
roughness, the extracted LaAlO;3 layer thickness decreases
systematically: from 15.31 to 9.84 nm on sample D. This
corresponds to a thickness gradient from 41 to 26 u.c., a
difference of 15 u.c.

In Fig. 4(c), we plot the thickness extracted from the
XRR fits of both samples C and D, versus position. The
open symbols represent the peak positions of the RHEED
profiles, extracted as described in the Supplemental Material
[18], with a difference of 1 u.c. in the film thickness between
each peak. For this dataset, the thickness at y = —2mm is
determined by the RHEED oscillations during growth: 10 and
40 unit cells for sample C and D, respectively. The very good
overlap of both independently acquired datasets confirms
that the post-deposition RHEED oscillations originate from
a thickness gradient. In other words, RHEED can be used as a
sensitive local probe to map thickness variations in epitaxially
grown thin films. The resolution for such measurements is
much smaller than one unit cell in thickness, as the maxima
and minima of the oscillations can be identified with great
precision; laterally, as indicated by the clear oscillation pattern
on sample D [Fig. 3(b)], the resolution is about 50-100 pm.
Moreover, the time required to measure a RHEED profile in
our setup is less than 1 minute.

C. Gradient across a critical thickness

By carefully adjusting the offset between the plume and
the substrate, a thickness difference of one unit cell across the
surface of a sample can be engineered. This should allow the
study of critical-thickness phenomena on a single sample, in
a single deposition step. For the LaAlO3/SrTiO3 interface, a
metal-insulator transition (MIT) occurs across a thickness of
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FIG. 4. Local x-ray reflectivity (XRR) measurements. (a) Measurement schematic on different positions on the sample, indicated by the
colored circles, a 0.3-mm-wide x-ray beam is reflected at a grazing incidence 6. Thickness (gradient) not to scale. (b) XRR intensity versus 26
for varying positions on sample D. Curves are offset for clarity and solid lines are fits to the data. (c) Thickness gradients on sample C (bottom)

and D (top), extracted from XRR and RHEED data.

three to four unit cells [7]. This is ascribed to an electronic
reconstruction [20], which is likely triggered by the sponta-
neous formation of oxygen vacancies at the LaAlO3 surface
as an electric potential builds with increasing film thickness
[21,22].

On sample F, we engineered a thickness gradient from four
to three unit cells. Figure 5(a) shows one full oscillation in
the RHEED intensity from y &~ —1 to y & 1.7 mm, hence a
thickness variation of one unit cell. To measure the effect of
this thickness gradient on interface conductivity, we prepared
a dedicated sample G: This sample was structured using an
AlO, hard mask and subsequent lithographic patterning and
wet etching [23], into 50-um-wide channels spaced 150 um

apart. The structuring method frustrates the extraction of
RHEED profiles on the same sample, but lateral RHEED pro-
files are highly reproducible for samples sequentially grown
in the same conditions. Hence, by growing sample G directly
after sample F, the LaAlO; thickness gradient on their surface
should be equal. To suppress the formation of oxygen vacan-
cies, which blur the sharp MIT [24], both samples F and G
were annealed for 1 h in 400 mbar of oxygen at 600 °C after
deposition. This did not affect the measured RHEED profiles
[18].

Figure 5 summarizes the effect of a LaAlO; thickness
gradient from four to three unit cells on the conductivity at the
LaAlO3/SrTiOj; interface. Figure 5(b) shows that a transition
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FIG. 5. Metal-insulator transition at the LaAlO;/SrTiO; interface along a LaAlOj; thickness gradient of 4 to 3 uc. (a) RHEED intensity
versus position on the calibration sample F. The colored circles indicate the positions of the measured channels on sample G, the arrow the
plume center position. (b) Two-point resistance Ry, versus temperature T of measured channels on sample G. (c) Ry, versus y, at 7 = 300K
(top panel) and at T = 2 K (bottom panel).
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from metallic to insulating behavior occurs between y = 0.5
and 0.8 mm. The positions of these curves on the RHEED
profile in Fig. 5(a) suggest that the MIT concurs with the
minimum RHEED intensity. In the diffraction interpretation
of RHEED oscillations, this minimum corresponds to a top-
layer coverage of ~0.5. Because of the sharpness of the
MIT with LaAlOs3 layer thickness [7], this implies that half
of the interface area is locally conducting, while the other
half is insulating. Because the distribution of adatoms during
layer-by-layer growth is random, the distribution of conduct-
ing and insulating patches is equally irregular. Hence, the
“critical” coverage of 0.5 may be interpreted as a percolative
threshold, in good agreement with theoretical values for two-
dimensional square lattices [25]. We note that, despite the
reproducibility of profiles across samples grown in the same
conditions, the minimum in RHEED intensity may not be
in the exact same position on both samples and the actual
percolative threshold may differ.

Above the MIT, the channel resistance increases mono-
tonically with distance to the plume center during deposition
as shown in Fig. 5(c). In a homogeneous Drude model, this
suggests that the carrier mobility, density, or both decrease
monotonically with distance to the plume center. Our two-
probe devices do not allow to measure mobility and density
separately by, e.g., the Hall effect, but we can estimate the
mobility using the residual-resistance ratio, RRR, defined
as R(300 K)/R(2 K). In the metallic channels, the RRR is
not correlated with position and values range from 140 to
193, which would correspond to an electron mobility of
800—1200 cm? /Vsat T = 2K [26]. We note that the RRR in
our devices could be influenced by a temperature-dependent
contact resistance, although this should have the same effect
in all metallic channels. Hence we conclude that the electron
mobility does not significantly vary across these devices and
that the effective carrier density decreases as a function of
distance to the plume center. This could be mediated either
by a monotonically decreasing local free carrier density, or by
a similar decline of the total conducting area at the interface.
In the later case, the network of conducting regions becomes
more weakly interconnected further away from the plume
center, eventually leading to a metal-insulator transition at the
percolative threshold.

One would expect that such a patchy network of per-
colating conducting regions is accompanied by 1-u.c.-high
islands on the LaAlQOj surface [27,28]. If these islands are
large enough, they should be observable using scanning-probe
techniques. Therefore, we performed an ex situ atomic force
microscopy (AFM) study on sample E [18]. Surprisingly,
a smooth terrace-and-step structure is observed along the
entire thickness gradient, with no indication of the formation
of l-u.c. high islands. As discussed in the Supplemental
Material [18], we attribute this to either a too small island
size, or masking of the islands by small molecules adsorb-
ing to the polar LaAlO; surface. Higher resolution AFM
or scanning tunneling microscopy (STM) imaging [28] per-
formed in situ could circumvent these problems; this would
enable to study directly the relation between RHEED inten-
sity and surface morphology, which despite the widespread
use of RHEED for growth monitoring is not yet fully
understood [29-31].

Because our ex situ AFM images do not yield direct evi-
dence for a coverage gradient, we consider an alternative pos-
sibility for the sharp MIT observed in Fig. 5. Besides LaAlO3
film thickness, the stoichiometry of the LaAlOj3 film is critical
for the emergence of conductivity at the LaAlO;3/SrTiO3
interface [32-34]. Especially in Ref. [32], a very sharp MIT
was observed as a function of the La/Al ratio: films rich
in La yielded an insulating interface, where Al-rich LaAlO3
films induced conductivity. Hence if our films also have a
lateral variation in stoichiometry, this might underlie the MIT
observed here. In PLD, it is well known that the composition
of the plasma plume may vary away from its center [15,16,35].
However, these studies also show that, if there is a difference
at all, heavy elements such as La remain closer to the plume
center, where light elements like Al are more spread out.
Therefore, any off-stoichiometry in our films away from the
plume center would be Al-rich, which by itself does not
yield an insulating interface. Moreover, a large systematic
variation in stoichiometry across the film would affect the
XRR measurements through the mass density, contrary to
our observations [18]. Based on these considerations, we
argue that the MIT observed in Fig. 5 is unlikely due to a
stoichiometry variation across the sample, but the result of a
gradient in nominal LaAlOj3 layer thickness from 4 to 3 u.c.,
as the lateral RHEED profile in Fig. 5(a) implies.

IV. DISCUSSION

In this study, we focus on the growth of LaAlO3; on
SrTiO; by PLD. But the presented method of measuring
post-deposition RHEED profiles is not limited to PLD or to
complex oxides. In principle, it can be applied to any film that
grows in a layer-by-layer mode, of any material. It therefore
opens numerous possibilities to study thickness-dependent
phenomena in other systems on single samples. By growing
wedge-shaped layers, the behavior of films, interfaces and
superlattices can be studied as a function of thickness on
a unit-cell scale. Such studies would require local probes
rather than, e.g., sample-wide synchrotron beams; our XRR
measurements show that this is possible even with laboratory
X-ray sources.

We anticipate several applications of lateral RHEED pro-
files to characterize thin-film growth. These make use of post-
deposition analysis as introduced here, or could be based on
measurements taken between growth steps or even operando.
For the latter, it would be beneficial to scan the electron
beam across the sample surface rather than moving the sample
through the beam. This improves measurement speed and pos-
sibly suppresses noise from mechanical movement, but also
poses challenges to keep the diffraction conditions constant
throughout the scan. Such operando monitoring or scanning
between growth steps could be of particular use for large-area
(pulsed laser) deposition. The thus obtained lateral RHEED
profiles can be used to adjust the alignment of the material
source (in PLD: plasma plume) to the substrate during growth.
In principle, this allows to eliminate thickness variations in
large-area films with unit-cell precision. On a more funda-
mental level, lateral RHEED profiles can be valuable for
understanding the basic processes of thin-film deposition. For
example, the effect of deposition parameters such as process

083806-6



MAPPING UNIT-CELL THICKNESS VARIATIONS IN ...

PHYSICAL REVIEW MATERIALS 4, 083806 (2020)

pressure, substrate temperature, and substrate-target distance
on the distribution of deposited material across the substrate
can be quantified. Because the RHEED-profile method is in
situ, sensitive on a unit-cell level, and makes use of equipment
already present in most deposition chambers, it is an ideally
suited tool for such studies.

V. CONCLUSION

In summary, we introduced a method to spatially resolve
submonolayer thickness variations in epitaxially grown thin
films using reflection high-energy electron diffraction. We
studied the specific case of LaAlO; thin films grown on
SrTiO; substrates by pulsed laser deposition, but in prin-
ciple the method is applicable to any material growing in
the layer-by-layer growth mode. As a function of posi-
tion on the sample, lateral oscillations in the diffraction
pattern are observed after the deposition of a thin film of
LaAlOj;. The oscillation pattern depends on factors such as
the relative positioning of the plasma plume to the substrate
and the nominal thickness of the grown film. Local x-ray
reflectivity measurements confirm the hypothesis that the os-
cillations are due to a thickness gradient in the film, away from
the plume center during deposition. Hence each oscillation

represents a full cycle of top-layer coverage and each peak
indicates a thickness difference of one unit cell.

The ability to measure in situ atomic-scale thickness vari-
ations in epitaxially grown thin films directly after growth,
enables straightforward and accurate engineering of these
thickness gradients. This paves the way to study thickness-
dependent phenomena in a single sample, of which the metal-
insulator transition at the LaAlO3/SrTiOj interface discussed
here is a premier example. Because the equipment required
for performing such measurements is already present in most
deposition chambers, the method may find widespread ap-
plication in studying film-growth dynamics as well as in
engineering (the elimination of) thickness differences across
a large deposition area.
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