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Abstract. We report temperature- and substrate-dependent growth studies of epitaxial yttrium
films. Using three different sapphire orientations and Nb buffers, Y was grown in the (0001),
(1011) and (1012) crystal orientations. Atomic force microscopy and x-ray measurements were
used to study the topography and structural properties of the samples. Whereas the Y(0001) films
show a high crystallinity and a small surface roughness, Y(1011) and Y(1012) films have regularly
structured surfaces with a lower crystalline quality. Temperature and thickness studies show a
strong dependence of the surface morphology on growth temperature and film thickness.

1. Introduction

During the past few decades, molecular beam epitaxy (MBE) has become an important method
for preparing high-quality epitaxial thin films and multilayers. This has led to exciting new
results in research fields such as electronic properties, phase transitions and magnetism in
reduced dimensions. The nonequilibrium growth process involving competing interactions
which determine the crystal structure and surface morphology of the films remains in itself
an important research topic. Even with perfect control of the structural properties, it is often
difficult or impossible to predict the physical properties of a sample.

Temperature- and substrate-dependent growth studies of yttrium promise new information
about the epitaxial growth of hcp metals. Epitaxial hcp crystals are less well studied than
cubic systems because of their complex geometry. Few systematic studies of MBE-grown hcp
crystals on bee substrates have been reported [1-4]. The growth of hep yttrium is important for
several reasons: yttrium is a nonmagnetic material that exhibits a similar structure to many rare-
earth (RE) metals [5]. Therefore, for initiating the single-crystal growth yttrium films often
serve as seed layers for RE thin films and superlattices [6]. Furthermore, they are often used for
studies of multilayer exchange coupling in RE superlattices [1, 3, 6, 7]. Structure and magnetic
behaviour cannot be treated separately in superlattices. For example, lattice clamping in Dy/Y
multilayers suppresses the transition from the helimagnetic to the ferromagnetic phase which is
typical for bulk Dy [7]. Furthermore, yttrium itself has some astounding characteristics: upon
loading with hydrogen it switches reversibly from the metallic YH, phase to the insulator YH3
phase [8-10]. The phases differ drastically in their electronic and optical properties, opening
up new technological possibilities such as optical switches and hydrogen sensors.

To understand these complex systems it is indispensable to master the epitaxial growth
of different Y thin-film orientations by means of molecular beam epitaxy. Up to now, most
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growth studies have been devoted to Y(0001) on bee(110), often using Nb and Ta buffer layers
grown on (1120) sapphire surfaces [1,3,7]. Recent experiments give insight into the growth of
faceted Y(1012) on Nb(211)/Al,05(1010) [3,7, 11]. In addition, preliminary measurements
confirm the existence of single-crystalline Y(lOi 1) on Nb(lOO)/A1203(1012). For the present
study we prepared a set of Nb/Y/Nb/Al, O3 samples in order to compare the three different film
orientations under the same growth conditions while only the substrate orientation is changed.
This direct comparison between different hcp growth orientations gives insight into general
growth mechanisms and the compensation of strain in thin films.

2. Growth of yttrium on niobium

Generally, epitaxy is supported by similar structures of substrate and film. Although Y and Nb
possess different structures and lattice parameters, epitaxial growth of hep Y (ay = 3.6474 A,
cy = 5.7306 A) on bee Nb (anp, = 3.307 A) can be achieved in several crystal orientations.
Strain compensates for a small lattice misfit between substrate and epilayer up to a critical
thickness, while large misfit leads to dislocations at the interface or to polycrystalline growth.
Therefore epitaxy depends in a complicated way on various energies (interfacial, surface, strain
and dislocation).
Two epitaxial systems have been studied in detail in the past:

(1) hep(0001) on bee(110). ' Y(0001)/Nb(110) exhibits the Nishiyama—Wasserman orient-
ation (figure 1). In this configuration Y[1120] || Nb[001] while Y[1100] || Nb[110].
The perpendicular directions [1120] and [1100] have misfits of 10.3% and 35.1% resp-
ectively, with respect to the Nb substrate. Growth of single-crystal films is only possible
because of the 3:4 supercommensurability with a misfit of 1.3% between three Y and
four Nb surface meshes along [1100] [1]. In this system the high structural order of
the hep layer is supported by the preferred close-packed [0001] direction. In contrast,
Y[0001]/Nb[111] with the same 3:4 supercommensurability is less ordered because of the
larger misfit of 3.7%.

[T100]
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Y(0001) Nb(110)

Figure 1. The epitaxial relationship of Y(0001) on Nb(110).
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(ii) hep(1012) on bee(211). Y(1012) grows tilted on Nb(211) with a tilt angle « = 4.3° along
Nb[111] [3,7]. Tilted growth is typical for hcp(1012) on bee(211) and was observed in
detail in different hcp and bee systems [2,3,7,11]. A model was developed explaining the
tilt by dislocation gliding along the glide plane Y(0001). Without tilt the misfit would be
f = —8.8%. It is possible to calculate the tilt angle by simple geometric considerations
which assume commensurable growth without stress. Two equivalent tilt directions exist,
namely Nb[111]and Nb[111]. One of them can be suppressed by using a miscut substrate.
The tilt-induced (1012) surface has a high surface energy. To reduce its energy, facets are
usually produced at the surface. Frequently the facets are limited by Y(1012) and Y(1013)
including the facet angle o = 11.048° [3,7].

Our work has revealed a new epitaxial Y/Nb system: Y(1 101)/Nb(100). The (1011) planes,
1=0,1,2,...,n,are closely related. A change from Y(1 10n) to Y(110(n + 1)) only requires
inserting an element of the Y(0001) plane with the width dy = («/3 /2)ay. Because of the
remarkable similarity of the (1017) crystal planes, it is sensible to expect structural similarities
between the Y(1011) and Y(1012) surfaces, and the geometrical models developed for (1012)
may be transferred to (1011). Assuming an in-plane orientation of Y and Nb as indicated
in figure 2, the misfit £, along [1120] of 10.2% and the orthogonal misfit of —1% lead to
an energetically unfavourable situation. The stress due to f, can be released by the gliding
mechanism presumed for Y(1012), resulting in a regular net of dislocations. Figure 3 shows

Y(10T1) Nb(001) Y(10T1) Nb(001)

(100)

Figure 2. The orientation of the parallel-growing Y(1011) and Nb(100) planes in their unit cell.
The right-hand side represents the surface meshes and the parallel Nb(010) and Y(1120) planes
perpendicular to the growth direction.
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Figure 3. The geometric model explaining the tilt on Y(1011). The diagram shows the section
between two dislocations.
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a geometrical construction in analogy with the model used by Du et al [11] to predict the tilt
angle of Y(1012). Commensurability between n Nb and m Y meshes can be produced by
inserting an element of the Y(0001) plane with the width dy after m Y meshes. This model
leads to the following geometrical relationships:

(ndxp)* = ((m + Ddy)* + (mey)? (1
dY l’ldNb

= @)

sine  siny

and
mcy mby

sin(180° — ) _ sin 90°

with the length of the Y surface mesh given by by = /(3/4)a? + ¢%, and the length of the Nb
surface mesh dy, = anp in the tilt direction. As a consequence of the small misfit between
one Y and two Nb meshes (by = 6.5435 A, 2ay, = 6.614 A) we set m = 2n following Du
et al [11]. With A = cy/ay one gets the expression

3

1 4
L ST )
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for calculating the tilt angle «. The Nb mesh number n results from

1
n=_(1+V1+22) o)
with
8a?Z 3a? 4
z = 2% [1— a <1+A2—>] (6)
3ay 16ay, 3

From this model we calculate « = 1.197° and n = 2m = 40 for the growth of Y(1011) on
Nb(001).

3. Sample preparation

For our study we employed «-Al,O3 with different orientations as substrates. X-ray meas-
urements reveal a miscut of 2.09° for A1203(11§0), 0.06° for Aleg(IOiO) and 0.60° for
Al,O3(1012). We prepared a set of Nb/Y/Nb/Al,O3 samples in the temperature range 400—
600 °C, consisting of a 300 A Nb buffer, a 300 A Y film and a 100 A Nb cap layer, the latter
present for oxidation protection. To maintain identical growth conditions for the different
sample orientations, including identical growth temperature, layer thickness and residual gas
pressure, we used a sample holder accepting up to five different substrates. All sapphires were
annealed at 400—600 °C for 1-2 h in a residual gas pressure of 10~/—~10~8 mbar. Subsequently,
they were annealed at 300 °C for 14 h under UHV conditions followed by a short heat treatment
at 1100 °C prior to growth. Nb and Y were deposited by electron beam evaporation. The
optimal deposition rate for all layers proved to be 0.5 A s~'. The 300 A thick Nb buffer was
deposited with a substrate temperature of 900 °C, and subsequently annealed at 950 °C for
20 min. After cooling down to a temperature in the range of 400-600 °C, 300 A thick Y layer
was deposited. This layer was covered by a 100 A Nb cap layer at 200 °C. We monitored the
sample preparation in sifu by reflection high-energy electron diffraction (RHEED) to ensure
the crystalline quality of the samples.

For the subsequent interpretation of our data some explanations concerning the influence
of the Nb cap layer are in order. It is well known that Nb develops an oxide layer in air, with a
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thickness of 20 A, whereas the oxidation of Y has not been studied up to now. Consequently the
Nb cap layer enables a controlled sample architecture to be maintained. To diminish the main
disadvantage of a cap layer, i.e. burying the Y surface morphology, the cap layer deposition
took place at 200 °C. The low growth temperature for Nb, far away from the optimal growth
temperature of 900 °C, results in a small surface diffusion. We estimate the surface self-
diffusion coefficient according to Flynn [14] at T = 200 °C (475 K):

Dg(T) = 107310737/CD em? 57! 2 1072 em? 57! 7

where T is the melting temperature. Thus the surface diffusion coefficient differs widely
from the presumed lower limit Dy &~ 10~ cm? s~! for optimal growth [14]. Therefore the
Nb cap layer buries surface structures of the Y layer on an atomic scale, while the nanoscale
morphology is imprinted on the Nb layer. The Nb surface roughness separates into an intrinsic
part and an additional part caused by the Y layer.

Ex situ we performed atomic force microscopy (AFM) measurements examining the
surface morphology and x-ray measurements studying the epitaxy and crystallinity of the
samples.

4. Structural measurements

Figure 4 presents representative AFM topographs obtained in contact mode of samples with
identical architectures but different substrate orientations and growth temperatures. Every
image covers an area of 2.5 x 2.5 um in order to facilitate comparison of the length scale of
the observed surface morphologies. We obtain quantitative information from the root mean
square (rms) roughness as presented in figure 5, while the statements concerning the geometric
surface morphology are supported by line scans. To improve the meaningfulness of the rms
roughness measured by AFM we provide the mean values of 45 different topographs of area
5 x 5 um? taken at different sample positions.

The samples deposited on Nb(llO)/A1203(ll§0) possess a small surface roughness of
3—4 monolayers (ML), which is typical for MBE-grown Nb layers for the given deposition
conditions. For the temperature range investigated the surface roughness is independent of
the Y growth temperature (figure 5). The AFM pictures contain small, approximately self-
similar surface morphologies. This implies that the Nb-covered Y layer may only exhibit even
smaller surface morphologies, which are washed out by the intrinsic roughness of the cap layer
dominating the AFM topographs. In contrast, the other growth orientations, Y(1011)/Nb(100)
and Y(1012)/Nb(211), show regularly structured surfaces. They change in size with growth
temperature while the general shape remains the same. For both orientations the structures are
aligned along a preferred direction with respect to the crystal planes of the sapphire substrate.
The structure size increases roughly exponentially with Y deposition temperature as indicated
by their lateral dimension and rms roughness. For substrate temperatures up to 450 °C the
roughness of the structured surfaces is of the same order as that of the unstructured surfaces
but slightly larger. Surprisingly, for Y(1012)/Nb(211) deposited at 600 °C the roughness is
equivalent to half of the nominal Y-layer thickness. Together with the known faceted surface
of Y on Nb(211) [7, 11] this confirms the assumption that the surface morphologies result
from a faceted Y layer and not from the 100 A Nb cap layer. From RHEED measurements
we found no indication that the Nb(211) and Nb(100) buffer layers exhibit facets which could
lead to misinterpretation. Line scans as indicated in figure 6 reveal the geometry of the facets.
On Nb(211)/A1,05(1010) the Y regular facets are formed like a roof, limited by two surfaces
including an angle of 10-13°. Compared to the theoretical value of 11.048° this gives an
upper value for the change induced by the cap layer. The measured angles show only a small
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Figure 4. A survey of the AFM measurements. The columns show samples which are grown on
the same substrate but with different Y growth temperatures while the rows present samples which
are grown on different substrate orientations but under different growth conditions.
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Figure 5. The surface roughness of the samples, depending on substrate temperature and substrate
orientation.
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Figure 6. Typical line measurements along preferred directions of the facets and the resulting
facet structure. On Nb(211) the facets seem to be rooflike, while Nb(100) induces pyramid-like
structures.

deviation from the theoretical value. That leads to the conclusion that the cap layer changes the
sample morphology only slightly. However, for Nb(100)/Al,03(1012) one obtains pyramid-
like facets with the typical angles « = 14 £5°, 8 = 9 & 3° parallel to L and parallel to B,
respectively.

4.1. X-ray measurements

We have analysed the structural properties of our films by means of x-ray diffraction and
reflectivity. For these studies Cu Ke radiation (A = 0.542 A) from a rotating anode source with
a graphite (111) monochromator was used. The specular reflectivity and the diffuse scattering
give additional information concerning the sample surface, and the interface structure, as well
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as the nature of the facets. As an example, figure 7 reproduces measurements of the specular
reflectivity of Nb/Y/Nb/Al, O3, Y being deposited at 400 °C. Fits to the measurements based
on the multilayer sample structure are also shown. The fit program is based on the Parratt
formalism [20], including optical corrections due to resolution and sample geometry. They are
offset from the experimental data for reasons of clarity. While the Y(0001)/Nb(110) sample
exhibits many small film thickness oscillations, the oscillations relating to Y/ 1011)/Nb(100)
and Y(1012)/Nb(211) are strongly damped and dominated by the Nb buffer layer. From the
fits we know that in all cases the Nb buffer layer has a roughness of 4-10 A. Y(0001)/Nb(110)
shows the same roughness as the buffer layer. In contrast to this the roughness of Y(1011) and
Y(1012)is extremely high and can only be fitted for lower growth temperatures. For the samples
presented in figure 7 we obtain roughness values of oy o7, ~ 15 A and Oyqorz) ~ 20 A
The Nb cap layer cannot be separated exactly, but the roughness is of the same order as the
roughness of the underlying Y layer.

NT="
2 400°C
C  1E4
5
. 100
= Nb(110)
2 fit
'4(7_>> 0,01 Nb(100)
C .
L e4 fit
= Nb(211)
1E-6 — T i T i T i T i T i T " T )

0,0 01 02 03 04 05 06 0,7

q[A]

Figure 7. Comparison of the x-ray reflectivities of the samples with 400 °C Y deposition temp-
erature. Additionally, two fits are represented relating to the samples with Nb(110) and Nb(100)
buffers.

In figure 8 measurements of the specular and diffuse scattering from the samples deposited
on Nb(211) at 500 °C are reproduced. The first measurement (a) was performed with the
scattering plane perpendicular to the facet ridges, the second (b) with the scattering plane in
the orthogonal direction. Both measurements reveal oscillations of the specular reflectivity
framed between the “Yoneda’ wings. In addition to this the second measurement (b) reveals
correlated intensity as revealed by a corresponding distance of d = 300 £ 40 nm. Perp-
endicular to the facets the diffuse intensity is stronger but not correlated. Measurements of
the diffuse background of a Y(1011)/Nb(100) sample deposited at 550° show no correlated
intensity in the same direction.

According to the high-angle x-ray analysis of Y(1011)/Nb(100), the Y structure depends
strongly on the Y deposition temperature. All samples exhibit a Y(1011) peak tilted with
respect to the Nb crystal planes, which themselves are tilted by 2.8° relative to the sapphire
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(O) Measurement perpendicular to the facets Intensity [C1/s]
269.7 - 600.0
121.2 -- 269.7
54.49 -- 121.2
2449 -- 54.49

[ 11.01 - 24.49
[0 4.949 - 11.01
I 2.225 - 4.949
B 1.000 - 2.225

0,06 0,07 0,08 0,09 0,10 0,11

alAl
[ b ) Measurement parallel to the facets Intensity [C1/s]
103.1 -- 200.0
53.18 -- 103.1
27.42 -- 53.18
1414 -- 27.42

7293 - 14.14
P 3.761 - 7.293
I 1.939 - 3.761
I 1.000 — 1.939

0,06 0,07 0,08 0,09 0,10 0,11 0,12 0,13

qlA]

Figure 8. Logarithmic specular and diffuse scattering intensity for small angles, measured at the
sample prepared at 550 °C on Nb(211).

substrate [15]. The maximum tilt directions for the two layers are the same. For Y(1011)
deposited at 450 °C, the maximal tilt relative to the Nb lattice planes is 2°. Radial scans
through the Y(1011) peak contain an additional Y(0001) peak for substrate temperatures up
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to 500 °C. We suggest that for low temperatures in some domains the (1011) direction is
replaced by the close-packed (0001) direction, which is the energetically preferred direction
without substrate influence. For higher temperatures the substrate-induced (1011) orientation
dominates.

Perpendicular to the (1011) growth direction, Y[1120] is parallel to Nb[010]. Comparing
with the sapphire substrate orientation we find that the equivalent [001] direction of the fourfold
Nb(100) plane is never chosen as the preferred orientation. We propose that the symmetry is
destroyed by the steps which result from the Nb tilt.

4.2. Conclusions
Comparing AFM and x-ray studies we come to several conclusions.

(i) The surface roughness determined by AFM is comparable to the Y layer roughness meas-
ured by x-ray diffraction. This confirms that the facets develop in the Y layer, not in the
flat buffer layer or in the cap layer.

(i1) The correlated diffuse intensity corresponds to a distance d which is comparable to the
width of the facets B = 280 + 110 nm deduced from AFM line scans.

(iii) The correlated diffuse intensity is related to the facet structure, but only the width of the
facet seems to be correlated while the diffuse scattering perpendicular to the facets shows
no correlation. This can be explained by the different length of the facets which is not
determined by special low-index crystal planes, while the width depends on the geometric
form of the facets and can only vary with their height.

5. Discussion and growth model

Our experiments concerning the structure of Y(1011)/Nb(100) confirm the close relationship
of this growth direction to Y(1012)/Nb(211):

(1) Both growth directions are slightly tilted with respect to the Nb lattice planes with the tilt
direction perpendicular to Y(1120).

(2) The facets found on both surfaces grow with increasing growth temperature while layer
thickness and deposition rate remain constant.

(3) In both cases one of the facet surfaces originates from the tilted lattice plane.

In contrast to the predicted tilt angle of 1.197° for Y(1011), we measured a surprisingly
large angle of ~2° (see figure 9). Nevertheless, applying the geometrical model has some
justification. According to the model, the optimal dislocation net on Nb(211) is much narrower
than on Nb(100), where we expect an average distance of 40 an, ~ 130 A separating two
dislocations compared to 28 A on Nb(211). Consequently, unperturbed growth can only take
place if the Nb sample possesses an ideal surface on the scale of the assumed dislocation
net. In the case of Y on Nb(211) this condition is easily fulfilled because of the relatively
short dislocation distance and the small substrate misfit, while for Y on Nb(100) a long-range
order of the Nb surface is necessary. Therefore the step structure of the surface can perturb the
dislocation net severely. From the measured tilt angle we deduce n = 20-30 which corresponds
to a dislocation distance of 66-100 A. For monatomic steps on Nb(100) we calculate from
the misfit a step width of about 50 A, which is of the same order as the calculated dislocation
net. This suggests that Y(1011) cannot reach the ideal dislocation net expected by the model
because the steps modify the local stress. Considering the misfit reduction induced by the
tilted Y(1011) surface, we expect that a tilt of ~2° will diminish the misfit from f = —1%
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Figure 9. The relation of the maximum tilt direction of Y(1011) to the sample morphology. On the
right-hand side a cross-section through the sample along the maximum tilt direction is presented.

to f = —0.17%. This small residual value is possibly due to the perturbation by the steps.
Furthermore, it is possible that the steps serve as pinning centres for the dislocations.

In this context an interesting situation arises: we can only explain the tilt by assuming
dislocations which insert an element of the basal plane with the width dy = (v/3/2)ay.
For a number of hep(1011) materials [11] the tilt angle can be calculated exactly with this
model. We now discuss the different dislocation vectors in the basal plane [21]. The hcp
Burgers vector b with the smallest dislocation energy points in the correct direction but then
b = (2/3)d = («/E/3)ay instead of b = ay as assumed in the model. Assuming this
dislocation type and using the geometrical model, we still cannot explain the tilt angle. The
Burgers vector [101] with b = a correctly explains the tilt angle but because E ~ b? this
dislocation contains more energy. It will be interesting to determine by other methods whether
this normally unfavourable dislocation takes place in thin films.

As shown by RHEED measurements, not only Y(1012) [3] but also Y(1011) develops a
faceted surface during growth. Facets can be induced by stress [16, 17] or energy reduction
of the relaxed crystal [16, 18, 19]. According to the geometrical model, in the ideal case
the stress of the Y film is totally relieved by the tilt at the Y/Nb interface. Therefore the
driving force for faceting must be energy reduction of a relaxed crystal. The energy of a real
crystal surface consists of three contributions: (1) surface tension; (2) edge energy where two
surfaces come together; and (3) the energy of points where three or more surfaces meet. A
vicinal surface as produced by the tilt is energetically unfavourable because of the high step
density. Consequently the steps bunch together forming large facets with fewer edges.

From the step bunching mechanism one would expect the Y(0001) plane to be a facet
surface as well. In reality, for Y(IOTI) the (1013) lattice plane is found to be a facet surface.
We explain this by the large angle of 42.2° between (1012) and (0001) while (1012) and (1013)
are separated by only 6.7°.
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The temperature dependence of the facets nicely corresponds to a Monte Carlo simulation
performed by Vlachos et al [18]. Based on first- and second-nearest-neighbour interactions,
this simulation models faceting of a simple cubic lattice depending on time, temperature
and growth rate. Assuming constant growth rate and deposition time, the facet size grows
with increasing temperature up to a critical thickness when thermal roughening commences.
The experimental conditions that we used are clearly far away from the roughness transition
temperature because the roughness increases while the facet structure is maintained. The
simulation also shows the nearly periodic facet structure as experimentally observed.
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