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Abstract—The surface morphology and local structure of layers in the Ni—Ge and Ge—Ni—Ge—Ni—Ge
films have been investigated. It has been shown that the surface of the films follows the roughnesses of the sub-
strate surface, which have characteristic dimensions of 2—4 nm in height and ~100 nm in plane. It has been
found that an interface with the depth ranging from 9 to 18 nm is formed at the boundaries between the Ni
and Ge layers. The data obtained have been used to explain the specific features of the magnetic properties of
the studied films, such as the asymmetry of hysteresis loops at low temperatures and the difference between
the temperature dependences of the magnetization of the samples for two cooling modes: in a magnetic field

and without a magnetic field.
DOI: 10.1134/S1063783412070177

1. INTRODUCTION

The processes occurring at the boundaries of the
metal and semiconductor layers in hybrid structures
have attracted considerable attention due to their
influence on the properties of structures that have been
widely used in microelectronic devices. In particular,
nickel silicide layers have been used in integrated cir-
cuits as ohmic contacts or mutual elements in comple-
mentary metal—oxide semiconductor (CMOS) tran-
sistors [1]. A higher mobility of holes and electrons in
germanium as compared to silicon can provide better
properties of contacts based on nickel germanides [2];
therefore, many authors have intensively investigated
interface layers in Ni—Ge structures (see, for example,
[3—5]). In addition to specific electrical properties
associated with interface layers, hybrid structures can
exhibit new magnetic properties. In our previous
investigations of magnetic and magneto-optical prop-
erties of two-layer and five-layer Ni—Ge films [6, 7],
we revealed an abrupt increase in the coercive force
and an asymmetry of the hysteresis loop at low tem-
peratures, dependences of the magnetization and the
Faraday effect on the thickness of an intermediate ger-
manium layer in five-layer samples, and different tem-
perature dependences of the magnetization of the
films for two cooling modes: in a magnetic field and
without a magnetic field. Presumably, these specific
features are associated with the influence of a transi-

tion layer between the Ni and Ge layers. This paper is
devoted to the investigation of the surface morphology
and local structure of Ni—Ge films with the purpose of
elucidating the mechanisms responsible for the
observed specific features of the magnetic and mag-
neto-optical properties.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

For our experiments, the films were prepared by
ion-plasma sputtering of nickel and germanium from
individual targets at a base pressure of 10~ Torr in a
vacuum chamber in an argon atmosphere. Cover
glasses and special glasses purchased from Asahi com-
pany were used as substrates. The temperature of the
substrates during the deposition was equal to 373 K.
Tables 1 and 2 presents the thicknesses of the studied
five-layer and two-layer Ni—Ge films, respectively.
The surface morphology of the substrates and depos-
ited films was examined using a Veeco MultiMode
atomic force microscope. The local atomic structure
of the Ni—Ge films was investigated using extended X-
ray absorption fine structure/X-ray absorption near
edge structure (EXAFS/XANES) spectroscopy and
X-ray reflectometry with synchrotron radiation on the
“Structural Materials Science” and “High-Precision
X-Ray Optics” stations installed at the Kurchatov
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Synchrotron Radiation Source, as well as using an
JEM-4000 EX electron microscope at an accelerating
voltage of 400 keV in the cross-sectional configura-
tion. During the preparation for the electron micros-
copy examination, the sample was polished to a thick-
ness of 30—50 um, followed by thinning on a Gatan
PIPS ion etching system until an opening was formed.
After this treatment, the edges of the opening con-
tained regions with a thickness of several tens of
nanometers, which were transparent to electrons. The
magnetization was measured on an MPMS XL mag-
netometer at temperatures in the range from 4.2 to
273 K in a magnetic field Hup to 1 kOe. The measure-
ments of the temperature dependences of the magne-
tization were carried out in two cooling modes: (1) the
sample was cooled in a magnetic field (FC); and (2)
the sample was cooled in zero magnetic field (ZFC).
The magnetization measurements were performed
during heating in the same magnetic field as was used
in the FC mode.

3. RESULTS AND DISCUSSION

The atomic force microscopy investigation of the
samples has revealed that surfaces of both types of sub-
strates are characterized by a granular-type relief. The
surface of the film follows the structure of the substrate
surface. Figure 1 shows the top view of the surface of
sample no. 7 and the distribution of heterogeneities
along the line marked by triangles. It can be seen from
this figure that heterogeneities with a height of 2—4 nm
and in-plane dimensions ranging from 100 to 300 nm
are predominant on the surface of the sample. The
order of deposition of layers does not significantly
affect the structure of the films.

The specific features of the local environment of
nickel and germanium atoms in the films can be
revealed by analyzing the EXAFS/XANES spectra.
The EXAFS/XANES spectra were measured for a
series of two-layer films (samples nos. 1, 3, and 4) at
the K absorption edges of nickel and germanium. The
germanium K-edge spectra of the two-layer films are
closely similar to each other and are also similar to the
spectrum of the reference sample, i.e., bulk germa-
nium. At the same time, the spectra measured at the
Ni K absorption edge of the films differ significantly
from the spectrum of the nickel reference sample, and
the degree of difference correlates with the thickness
of the deposited nickel layer: the maximum differences
are observed for two-layer film no. 1 (dy; = 8 nm). In
the Ni K-edge XANES spectra (Fig. 2a), this mani-
fests itself in the form of a substantial transformation
of the fine structure without a significant shift of the
absorption edge, which indicates a redistribution of
the electron density at the nickel atoms, for example,
due to the formation of the intermetallic compound
Ni,Ge,, without a significant change in the oxidation
state.
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Table 1. Thicknesses (in nm) of layers in five-layer Ni—Ge
samples

Sample no.
Layer
1 2 3 4 5 6 7

Ge 17.6 | 20 20 46.1 | 20 20 | 47.7
Ni 9.7 | 16.3 | 155 | 26.5 | 16 18 15.5
Ge 1.7 2 3.5 6.3 7.6 10 | 26.0
Ni 9.7 | 16.3 | 15.5 | 26.5 | 16 18 15.5
Ge 17.6 | 20 20 46.1 | 20 20 | 47.7

Table 2. Thicknesses (in nm) of layers in two-layer Ni—Ge
samples

Sample no.
Layer
1 2 3 4 5
Ge 46.5 46 46 48.5 13
Ni 8 15 17 26.5 20

The Fourier transforms of the EXAFS spectra
(Fig. 2b) are characterized by the dependence of the
height of the peak attributed to the first coordination
sphere on the thickness of the film: the smaller is the
thickness of the nickel layer, the lower is the height of
the peak. In the spectra of films nos. 3 and 4 (curve 4
in Fig. 2b), there are clearly pronounced maxima in
the range 3—5 A, which correspond to the distant
coordination spheres in the structure of face-centered
(fce) nickel. For sample no. 1 (curve / in Fig. 2b), the
spectrum exhibits more diffuse maxima. By analyzing
the these data in combination with the XANES data,
the observed picture can be explained by the fact that
a rather broad interface region of the intermetallic
compound Ni,Ge, is formed at the boundary between
the nickel and germanium layers of the film, so that the
relative contribution of this region increases with a
decrease in the thickness of the nickel layer. Thus, the
thickness of the nickel layer without germanium inclu-
sions (hereinafter, it will be referred to as the effective
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Fig. 1. (a) Size distribution of heterogeneities in the plane
of sample no. 7 and (b) top view of the surface of sample
no. 7.
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Fig. 2. (a) Ni K-edge XANES spectra and (b) Fourier transforms of the EXAFS spectra for two-layer Ni—Ge films nos. 1 and 4
in comparison with the nickel reference sample. Numbers of the curves correspond to the numbers of the samples.

thickness) decreases significantly as compared to the
thickness specified for the deposition. For two-layer
film no. 1, the vast majority of nickel atoms pass into
the interface phase. For all the two-layer films under
investigation, the thickness of the germanium layer is
significantly larger than the thickness of the nickel
layer; therefore, the effects of formation of the inter-
face layer hardly manifest themselves in the
XANES/EXAFS spectra measured at the K absorption
edge of germanium. The absence of characteristic
peaks to the left of the main peak in the spectra allows
the conclusion that these film structures do not con-
tain nickel oxide.

The angular dependences of the X-ray reflection
intensity of two-layer samples nos. 1, 3, and 4 are
shown in Fig. 3. These dependences exhibit the main
tendency toward a decrease in the intensity of the
reflected signal as a function of the angle of incidence
with the interference peaks observed against the back-
ground of the overall pattern. The number of peaks
depends on the total thickness of the system: in our
case, the larger is the thickness of the nickel layer, the
larger is the number of characteristic peaks (the thick-
ness of the germanium layer remains almost
unchanged for all the samples under investigation).
The presence of several pronounced periods of oscilla-
tions in these dependences usually indicates that there
are several clearly defined boundaries. At the same
time, the sharpness of individual peaks (their disper-
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sion) implies the sharpness of the heterointerfaces.
Such a pattern can also indicate the formation of an
intermediate layer (interface) between the nickel and
germanium layers with relatively sharp well-reflecting
boundaries. In turn, this suggests the formation of the
Ni,Ge, compound in the layer under consideration,
rather than the gradual change in the concentration of
nickel and germanium during the transition from layer
to layer. A similar formation of a broad interface from
a particular compound in the Ni—Ge structures was
observed earlier in a number of works [4, 5].

Figure 4 shows the calculated angular dependences
of the X-ray reflection intensity for two cases—a sharp
boundary between the nickel and germanium layers
(curve /) and a broad interface with rough boundaries
(curve 2)—in comparison with the experimental curve
for two-layer sample no. 2 (curve 3). Curves [/ and 2
were calculated according to the special program with
the thicknesses of two layers (Ge and Ni) used as fit-
ting parameters in the first case and the thicknesses of
three layers (Ge, Ni,Ge,, Ni) in the second case; in
addition, the roughness of the surfaces was also taken
into account. For the first case, we could not achieve
satisfactory agreement between the calculated and
experimental curves. For the second case, the calcu-
lated curve 2 coincides satisfactorily with the experi-
mental curve 3 for the values of the fitting parameters
presented in Table 3. It can be seen from this table that,
in sample no. 2, the calculated depth of the Ni,Ge,
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Fig. 3. Angular dependences of the X-ray reflection inten-
sity of two-layer films nos. 1, 3, and 4.

interface is equal to 9 nm. It should be noted that the
depth of the interface in different samples can vary
depending on the conditions used for their prepara-
tion. Nonetheless, for sufficient thicknesses of the
nickel and germanium layers, the depth of the inter-
face in all the studied samples should be close to the
aforementioned value, because the controlled param-
eters of the film deposition were held to be constant.

Based on the data obtained in this study, we can
construct the actual distribution of components in the
Ni—Ge samples. Figure 5 shows the schematic repre-
sentation of the distribution of components in the
cross section of the five-layer film samples in which the
thickness of the intermediate germanium layer is var-
ied but the thicknesses of the other layers remain
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Fig. 4. Calculated and experimental angular dependences
of the X-ray reflection intensity of two-layer film no. 2: (/)
calculated curve for a two-layer structure with the atomic
boundary between the Ni and Ge layers, (2) calculated
curve for a structure containing the intermediate Ni,Ge,

layer, and (3) experimental curve of the angular depen-
dence of the X-ray reflection intensity.

unchanged. In the case where the thickness of the
intermediate germanium layer is sufficiently large, the
Ni,Ge, interfaces are formed at the layer boundaries
(Fig. 5a). As the thickness of this layer decreases, the
intermediate interfaces merge together (Fig. 5b). For
both cases, the effective thickness of nickel layers is
reduced as compared to the thickness corresponding
to the deposition parameters. With a further decrease
in the thickness of the intermediate germanium layer,
the interface between the nickel layers becomes nar-
rower, while the effective thickness of the nickel layers
increases (Fig. 5c). This situation is completely con-
sistent with the decrease in the Faraday effect with an
increase in the thickness of the intermediate germa-
nium layer, which was actually observed in our earlier
work [8] (Table 4). By using this scheme, we can also
explain twice the thickness (~18 nm) of the interface
in five-layer film no. 4 observed using an electron
microscope (Fig. 6), as compared to the thickness of
the interface in the two-layer film (~9 nm). These
cases are schematically illustrated in Figs. 5b and 5c,
respectively. A significant excess of the thickness of the
interface with respect to the thickness of the interme-
diate germanium layer (6.3 nm) indicates a higher
nickel content in the Ni,Ge, compound; i.e., the
NiGe phase in this sample is not formed.

Thus, the structural data obtained for the samples
under investigation allow us to draw the following
conclusions: (1) an intermediate layer with a thickness
of approximately 9 nm, which is uniform in composi-
tion and has sharp boundaries, is formed between the
nickel and germanium layers; (2) in the case where the
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(b)

Glass Glass

Glass Glass

Fig. 5. Schematic representation of the distribution of
components in the cross section of the five-layer film sam-
ples with different thicknesses of the intermediate germa-
nium layer (the layer thickness decreases from panel (a) to
panel (¢); for details, see the text). The left column in each
panel corresponds to nominal parameters of the arrange-
ment of the layers, and the right column corresponds to the
actual distribution of the components. The uneven bound-
aries between the layers are roughnesses observed using an
atomic force microscope and evaluated from the reflecto-
metry data (Table 3).

Fig. 6. Electron microscopy image of a fragment of the
cross section of five-layer sample no. 4.

germanium layer is sandwiched between two nickel
layers, the limiting thickness of the interface increases
and can reach twice the thickness of the interface in
the two-layer film; (3) the layer surfaces are rough; and
(4) nickel oxide is not observed. These results can be
used to explain the specific features of the field and
temperature dependences of the magnetization of the
studied films, such as the asymmetry of hysteresis
loops at low temperatures and the difference between
the temperature dependences of the magnetization
measured in the low-temperature range in the FC and
ZFC modes. Examples are shown in Figs. 7 and 8,
respectively. The degree of asymmetry of the hysteresis
loop depends on the thickness of the nickel layer: the
smaller is the thickness of the nickel layer, the larger is
the shift of the hysteresis loop along the axis of mag-
netic fields.

It can be seen from Fig. 8 that the FC curve (curve /)
demonstrates a slow increase in the magnetization
with a decrease in the temperature, which is charac-
teristic of bulk nickel. The FC and ZFC curves coin-
cide with each other at temperatures 7" exceeding a
particular temperature 7,. The temperature 7,, is
approximately identical for the samples with different
thicknesses of the intermediate germanium layer [8];
however, it depends on the strength of the magnetic
field and its direction with respect to the film surface.
When the magnetic field decreases, the temperature
T,, increases.

The first of the aforementioned effects is usually
observed in film structures consisting of either ferro-
magnetic (FM) and antiferromagnetic (AFM) layers
or soft magnetic and hard magnetic ferromagnetic lay-
ers and can be explained by the exchange interaction
between the layers, i.e., by the so-called exchange
anisotropy [9, 10]. The appearance of this anisotropy
in the case under consideration could be attributed to
the formation of an antiferromagnetic NiO layer [11].
However, as was shown above, these samples do not
contain nickel oxide. The interaction between the
nickel layers through the system of conduction of the
germanium layer should also be rejected, because the

PHYSICS OF THE SOLID STATE Vol. 54 No.7 2012
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Fig. 7. Hysteresis loop of two-layer sample no. 5 at temper-
ature 7= 5 K. The magnetic field is applied parallel to the
sample plane.

exchange shift of the hysteresis loops takes place in
both the two-layer and five-layer films. The observed
specific features could be assigned to the formation of
an antiferromagnetic order in the interface with a
decrease in the temperature. Thus, it is reasonable to
assume that the Ni,Ge, compound with the Néel tem-
perature Ty = 40—60 K is formed in the interface, as is
the case with the Fe—Ge and Mn—Ge compounds
[12—14].

This assumption explains the asymmetry of the
hysteresis loop, but it is not sufficient for the explana-
tion of the difference between the temperature depen-
dences of the magnetization measured in the FC and
ZFC modes. Let us invoke the mechanism that was
proposed in [15] and is related to the roughness of the
boundary between the ferromagnetic and antiferro-
magnetic layers. In [15], the authors considered the
situation with a stepped boundary between the ferro-
magnetic and antiferromagnetic layers in the film and
showed that, in the ferromagnetic layer, there can arise
a new type of domains with different magnetization
orientations when the spins of the ferromagnetic layer
in all regions of the boundary are aligned with the spins

Table 3. Calculated parameters that satisfy the measured
angular dependence of the X-ray reflection intensity for the
two-layer film (sample no. 2) (Fig. 4)
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Fig. 8. Temperature dependences of the magnetization
measured for sample no. 1 in the cooling modes (/—3)
ZFC and (4) FC. The applied magnetic field during the
measurement of the magnetization (ZFC mode) is ori-
ented (/) parallel to the film plane along the easy magneti-
zation axis, (2) parallel to the film plane along the hard
magnetization axis, and (3) normal to the film plane. H =
600 Oe.

of the antiferromagnetic layer. In our case, the film
surface is characterized by roughnesses with a height
of 2—4 nm. These roughnesses also exist at the bound-
aries of the interface (Table 3). At temperatures 7 >
Ty, the Ni,Ge, layer is paramagnetic; the directions of
magnetic moments of atoms in this layer are randomly
distributed and do not affect the magnetization of the
ferromagnetic layer, which increases with a decrease in
the temperature, as is the case with bulk metallic
nickel. At temperatures 7' < Ty, the Ni,Ge, layer has
an antiferromagnetic order. Because of the roughness
of the boundary between the Ni and Ni,Ge, layers,
atoms of the antiferromagnetic layer in different
regions of the boundary are located in different sublat-
tices, and the nearest neighbors of the atoms of the fer-
romagnetic layer can be atoms of the antiferromag-
netic layer with the oppositely directed magnetic
moments, as is schematically shown in Fig. 9. Conse-
quently, the nickel layer (or a part of the nickel layer) is
divided into regions with opposite directions of the

Table 4. Dependence of the Faraday effect on the thickness
of the intermediate germanium layer in five-layer samples

Initial thick- | Calculated Calculated nos. 2,3, 5,and 6
Layer - surface rough-
ness, nm thickness, nm

ness, nm dGe, NM FE
Ni 15 12 1.4 2 7.5
Ni,Ge, 0 9 — 3.5 5.5
Ge 46 42 0.75 7.6 4.7
Substrate — — 1.75 10 3.2
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Fig. 9. Schematic representation of the situation that can
occur at the rough boundary between the FM and AFM
layers. The spins in the FM layer are aligned in accordance
with the spins in the AFM layer at each point of the
boundary.

magnetization and, during the cooling in zero mag-
netic field, the sample loses the total magnetic
moment. During the heating in a magnetic field, the
magnetic moments of atoms in the nickel layer are
aligned along the field. The stronger is the magnetic
field, the lower is the temperature at which the order-
ing occurs and the ZFC curve merges with the FC
curve. A similar mechanism, which is associated with
the FM—AFM coarse-grained surface of the bound-
ary, was used in [16] for the explanation of the domain
structure observed experimentally in the Mn film
deposited on a stepped surface of the Fe(001) single
crystal.

The proposed mechanism completely explains all
the observed specific features of the magnetic proper-
ties of the studied films. However, in this work, we
could not determine the exact composition and struc-
ture of the interface and to elucidate its magnetic
properties. In the literature, reliable data on the mag-
netic properties of the Ni,Ge, compounds are almost
not available. A ferromagnetic order at room tempera-
ture with a small value of the magnetic moment was
found in the bulk NisGe; sample prepared by mechan-
ical milling and pressing [9]. The ferromagnetism and
its variations under pressure in the Ni;Ge compound
were investigated in [17]. However, there exist many
phases of nickel compounds with germanium [5], for
which, in the literature, we have failed to find data on
the type of magnetic ordering.

4. CONCLUSIONS

Thus, it has been shown that a broad interface
Ni,Ge,, which is approximately uniform in depth, is
formed between the Ni and Ge layers of the films. The
layers in the films are separated by rough interfaces.
The specific features of the magnetic behavior of mul-
tilayer structures at low temperatures, such as the dif-
ference between the temperature dependences of the
magnetization measured in the FC and ZFC modes
and the asymmetry of hysteresis loops, have been
explained by the formation of an interface with rough
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boundaries under the assumption that an antiferro-
magnetic order is formed at the interface in the tem-
perature range from 40 to 60 K.
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