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Abstract 

ErSi2_ x films (x = 0.1-0.3) grown by co-evaporation at different deposition ratios have been characterised by transmission 
electron microscopy, electron diffraction and high resolution electron microscopy. A very good epitaxiai growth relation with 
the Si substrate was deduced for al samples and observed phases. Different defect modulated structures are formed; they can be 
described as structural variants (orthorhombic or rhombohedral) of the basic structure. The modulated phases are related to 
deviations from stoichiometry similar to crystallographic shear structures. The ErSiL9 material contains Si precipitates, 
illustrating the preference for the ErSi, 7 composition to be maintained. 
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1. Introduction 

Rare earth (RE)  silicides are of particular tech- 
nological interest for electronic applications because of 
their metallic resistivity and the low Schottky barrier 
height on n-type silicon. They are candidates for use as 
low resistance ohmic contacts, as well as wide area 
infrared detectors [1,2]. Furthermore,  the RE silicides 
are attractive since they crystallise in a hexagonal 
AIB 2 structure, with lattice parameters in the (0001) 
planes nearly matching those of the S i - ( l l l )  planes. 
During recent years several epitaxial growth methods 
for R E  silicide thin films on (111) Si surface have been 
tried (see for example Refs. [3-8]). Electron micro- 
scopy characterisation of these materials is interesting 
from a technological point of view since the physical 
properties are often structurally related. 

In the present work the structural characteristics of 
thin ErSi2_ x films grown on Si are investigated by 
electron microscopy. The silicide thin films were 
grown by co-evaporation of Si and Er  on a (111) Si 
substrate, followed by in-situ annealing at 750 °C. 
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Three different types of sample were prepared: in type 
1 the Si /Er  ratio was 1.7, in type 2 it was 1.9-2, in type 
3 the ratio was again 1.7 but on top of the silicide a 
thin Si film of 20 nm thickness was grown by MBE at 
550 °C. 

Specimens for cross-section electron microscopy 
were prepared using the traditional techniques, for 
example as described in Ref. [9]. 

2. Structural considerations 

The ErSi 2 structure is hexagonal, of the AIB 2 type, 
with space group P6/mmm. The lattice parameters are 
ah~ x = 3.79 _+ 0.01 ,~ and Che x = 4.085 + 0.005 A. The 
Er atoms are packed in simple hexagonal way and the 
Si atoms occupy the sites in the centre of the trigonal 
prisms formed by the Er atoms (Figs. l(a), l (b))  
[10,11]. 

It is known from the literature that in the Er -S i  
system non-stoichiometric ErSi 2 x (0 ~ x ~ 0.5) com- 
pounds can be formed. They contain vacancies ran- 
domly distributed on the Si sublattice, retaining the 
hexagonal structure, or have an ordered arrangement 
of vacancies, leading to the formation of several 
superstructures. The most stable compound is believed 
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Fig. 1. (a) The basic hexagonal structure of ErSi 2 in space. Open 
and filled circles represent Er and Si atoms respectively. (b) 
Projection of the hexagonal structure along the [0001]hex axis. (c) 
Projection of the O[ structure along the [0001]he~ axis. (d) Projection 
of the O1[ structure along the [0001]h~ axis with a hexagonal 
distribution of vacancies. 

although steps of a few atomic planes high are not 
exceptional (Figs. 2(a), 2(b)). In sample 3 the interface 
between the silicide and the Si substrate is often 
ill-defined (Fig. 2(c)), probably due to an interdiffusion 
between the two components. However, the interface 
between the silicide and the Si overlayer grown by 
MBE is of much better quality. 

In the sample of type 2, on different sites, the 
silicide thin film is interrupted by islands of a material 
with a remarkably lighter contrast (see Fig. 3). Elec- 
tron diffraction as well as high resolution EM enabled 
us to identify these islands as polycrystalline silicon, of 
which some grains are grown epitaxially on the sub- 
strate. 

Electron diffraction patterns along the [1230]h~x = 
[01i0]*¢x zone axis, for the several phases present, are 
shown in Fig. 4. In all cases a very good epitaxial 

to be Er3Si 5 or ErSil.67 (x = 0.33), where one out six Si 
atoms is missing. The structure has been reported to 
be the basic hexagonal ErSi 2 structure (random dis- 
tribution of vacancies) [12] or a partially ordered 
orthorhombic structure (hereafter called O]), with 
lattice parameters ao~ = 6 . 5 4  ,~-----ahexX/-3, bo, =ahex, 
COl =Che x and space group P m m m  [10,13]. In this 
structure the vacancies are randomly distributed over 
one of the two Si sites (Fig. l(c)). Evidence has also 
been reported for a full ordering of the vacancies, 
giving rise to an orthorhombic structure (hereafter 
called O , ) ,  with lattice parameters aol =3ahex, 
bol i =Chex' COIl =ahexX/3 and space group Pm m 2  
[7,13]. Two different distributions of the vacancies 
have been proposed for this structure, one retaining 
the hexagonal symmetry (Fig. l(d)) and the other not. 
Finally, indications for the existence of other, longer 
period superstructures have also recently been re- 
ported by Arnaud d'Avitaya et al. [4] and Kaatz et al. 
[8]. 

3. Electron microscopy characterisation 

3.1. General 

Cross-section specimens for electron microscopy 
were prepared for all three types of sample. A Philips 
CM20 electron microscope was used for conventional 
microscopy and a Jeol 4000EX (400 kV) for the high 
resolution observations. 

The silicide overlayer thickness is found to be in the 
range 15-30 nm. Samples of type 1 and 2 do not 
always have a smooth surface and show the presence 
of so-called pinholes. However, the interface between 
the Er silicide and the Si substrate is very sharp, 

Fig. 2. Images of ErSi2_x/Si thin films: (a) type 1, (b) type 2, (c) type 
3. Arrows 1 indicate the presence of atomic steps at the silicide/Si 
interface. Arrows 2 indicate the presence of "grain boundaries". 
Note the presence of bands of a different "phase" (named A) in 
sample 1. In the Si-MBE overlayer of sample 3, stacking faults (SF) 
and twin interfaces (T) are detected. The axes indicated in (b) are 
valid for all three images. 

Fig. 3. Low magnification image of sample 2 revealing the interrup- 
tions of the silicide identified as polycrystalline Si islands. 
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Fig. 5. Electron diffraction along the [1010]h~x zone axis. Reflections 
due to twinning in the Si overlayer are also present. 

ah~_,~,"3/2 within the hexagonal interface plane. The 
[1230] section is clearly the most instructive for reveal- 
ing the characteristics of the modulated structures and 
studying the silicon vacancy ordering on the Si sublat- 
tice. 

Fig. 4. Electron diffraction patterns along [12J0]h~, for several 
ErSi2_ . phases (open and filled circles denote the ErSi 2 basic 
reflections and the Si reflections respectively). (a) The hexagonal 
basic structure; (b) the O m structure; (c,d,e) incommensurate 
modulations; (f) the two arrays of brackets indicate the presence in 
the selected area of two periodicities, along the [0001]h~,, of 4.09 ,~ 
and 5.12 A. 

growth was found to exist. The Si substate reflections 
([112] orientation) are always present. The silicide 
reflections, however, take different positions for differ- 
ent compositions, and actually reveal a number of 
commensurate and incommensurate modulated struc- 
tures (Figs. 4(a)-4(f)). All of these patterns can be 
derived from the basic hexagonal pattern of Fig. 4(a). 
The following relations between the hexagonal silicide 
and the Si substrate are deduced: [lll]s~//[0001]hex; 
[1 i0]s ~//[10i0]hex. 

It is remarkable that, for different compositions, the 
basic abe x parameter 3.82 ___0.02 A remains almost 
equal to the dl~ 0 Si parameter, which means that the 
former is slightly extended to allow for a perfect match 
between the two lattices. 

The [1010] zone axis patterns (Fig. 5) are similar for 
all compounds and only reveal a repeat distance 

3.2. Basic c o m m e n s u r a t e  structures 

The two basic [1230] diffraction patterns which are 
regularly observed are shown in Figs. 4(a) and 4(b). 
The most simple one (Fig. 4(a)) shows the presence of 
the basic ErSi2-type reflections, compatible with the 
disordered hexagonal arrangement. This phase occurs 
in all samples studied. Another, related, basic pattern 
(Fig. 4(b)) is frequently observed. The corresponding 
structure can be described as orthorhombic (it will be 
termed O ~  hereafter) and has lattice parameters 

a O l l l  = 3ah~x, bo~ = ,~U33ahex, = 2ch¢ x. J I C o z  I J 

Indications for the presence of this phase in Er-Si  
compounds have already been presented in Ref. [14]. 

In real space and projected along the viewing 
direction [1230] both the O H and O m structures are 
schematically represented in Figs. 6(a) and 6(b). For 
O H the partially vacant Si sites form a rectangular 
arrangement and can be formally described by an 
. . .  A A A  . . .  stacking along the c-axis. Note that in the 
[1010]h~x projection (Fig. 6(d)) the separation between 
full and ordered vacancies containing Si columns is 
very small and impossible to distinguish by HREM. 
For the O m structure (Fig. 6(b)) the c-axis is doubled 
due to a staggered arrangement of the Si vacancy 
columns; this structure can be described by an 
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Fig. 6. Projection along the ax/3 orthorhombic axis (~-[1230]hex) for: 
(a) the O, structure; (b) the O m structure; (c) the 3R structure (for 
simplicity reasons the Er atoms are omitted in (b) and (c)). (d) 
Projection of the 3R structure along the 3a orthorhombic axis 
(-=[1010]h~); this projection is identical for all the phases. 

. . . A B A B . . .  stacking along the c-axis. It can be 
considered as a long period structure (LPS) or a 
modulated structure based on the O,, structure by 
introducing alternately a displacement R = - [ 1 0 i 0 ]  = 
-1/3ao~ ' and - R  = [10i0] every layer, or the equiva- 
lent to these vectors. 

High resolution imaging of these phases is not 
straightforward, they are grown in thin films and are 
hard materials on a relatively soft substrate. The 
silicide film is therefore rather thick (not below 100 
,~). Nevertheless, H R E M  images such as Fig. 7 allow 
the imaging code to be deduced; the Si layer is imaged 
as bright and the vacancy containing silicon columns 
appear as extra bright dots. In the lower part of Fig. 7 
a doubling of the unit cell due to the presence of the 
O m structure is clearly observed. Image simulations 
for a thickness of 400 .~ confirm this intuitive interpre- 
tation. This imaging code will be the key for the 
interpretation of more complex structures and the 
explanation of the pseudo-incommensurate diffraction 
patterns of Figs. 4(c)-4(e). 

3.3. Modulated structures 

Since the O m structure is derived from the "basic" 
O u structure by a regular introduction of antiphase 
boundaries--or  shear planes--along (0001), one can 
also derive other simple stacking sequences such as 
. . . A B C A B C . . . ;  this would then be a three layer 
(3R) rhombohedral  sequence. The 3R structure is 
represented in Fig. 6(c), while its expected [1230]hex 
diffraction pattern for one and two variants is 
schematically represented in Figs. 8(a) and 8(b). 

Fig. 7. High resolution image along the [1230]h~x axis from an area 
containing mainly the Oiv phase. A computer simulated image is 
included (thickness 400 A, defocus -600 ,~,), the brightest dots 
correspond to vacancy containing Si columns. 
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Fig. 8. Schematic representations of the expected electron diffrac- 
tion patterns for the 3R structure along the [1230Ibex axis for two 
twin related orientation variants. 

Careful inspection of the "incommensurate" pat- 
terns of Figs. 4c-4e indicates that the superstructure 
reflections are situated close to the positions of this 3R 
phase. We will show that their structures can be 
derived from the 3R structure by a regular insertion of 
antiphase boundaries, not necessarily along the con- 
servative (001) plane but along a non-conservative 
(hOl)o plane. 

H R E M  images corresponding to the diffraction 
patterns 4(e) and 4(d) are reproduced as two examples 
in Figs. 9(a) and l l(a).  The imaging code is the same 
as for the basic structures and the bright dots are to be 
associated with the vacancy containing Si columns. In 
Fig. 9(a) a monoclinic unit cell (14.1 × 12.4 .~2) is 
outlined and the shear planes are indicated running 
parallel to the (207) planes of the 3R structure. 

The presence of these non-conservative APBs al- 
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Fig. 9. (a) High resolution image along the [1230]~ axis from the 
first modulated structure phase. Arrows 1 indicate the planes of 
modulation, arrow 2 indicates the local existence of the 3R sequence 
of Fig. 6(c). A computer simulated image is included (thickness 4(X} 
,~, defocus 6 0 0  &) to the left of a series of unit cells overdrawn ! .  
the image (b) Computer Fourier transform of the above image (c) 
Calculated diffraction pattern based on this model The basic ErS i  
reflections are encircled 

lows the local composition to deviate from the basic 
one. This effect is known in oxides and alloys, e.g. 
T i O  2 ~ [15]  and Au3:~,Mn, and has been extensively 
described for Au3+,Mn alloys [16,17], where several 
modulated structures are found in the composition 
range between 20 and 25 at.% Mn (all deduced from 
the DO22 type structure by the introduction of non- 
conservative APBs). The orientation and density of 
the boundaries determine the local composition. Note 
that, as long as the shear plane has a conservative 
(001) orientation no compositional changes are to be 
expected and the derived stacking sequences can be 
termed polytypoids. 

In Fig. 10(b) a schematic representation of a modu- 
lated structure, derived from the 3R structure (Fig. 
10(a)) by the insertion of periodic APBs with a dis- 
placement vector R = 1/6[130[ is shown. The unit cell 
of the new structure contains slightly less vacancies: 
the composition is estimated to be ErSi~.6~ instead of 
ErSi167 

Based on the model of Fig 10(b) image simulations 
have been performed and a calculated image is i n  
serted in Fig 9(a) The very good resemblance b e  
tween the experimental and the calculated images as 
well as with the unit cell of the projected structure 
indicated in Fig  10(b), supports the validity of the 
proposed model  The Fourier spectrum of the HREM 
image is shown in Fig 9(b) and the resemblance 
between this and the calculated diffraction pattern for 
the proposed superstructure (Fig  9(c)) is striking The 
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Fig 10 The introduction of periodic shear planes in the 3R 
structure (a) gives rise to the first modulated structure (b)  In both 
cases the unit cells are indicated 

two patterns present essentially the same features 
concerning the sites and relative intensities of the 
superstructure reflections. The slight differences are 
mainly introduced by the fact that the real structure is 
only observed over limited areas. Although at first the 
diffraction pattern (Fig. 4(e)) seems to correspond to 
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an incommensurate structure, the structure itself is a 
commensurate one; the incommensurate character is 
introduced by defects within this superstructure. 

A HREM image of a different superstructure is 
reproduced in Fig. 11. Most of the shear planes are 
now (001), yielding an incommensurate modulated 
structure. Looking at grazing incidence along the basic 
3R direction (arrow 2 in Fig. 11), the strongest dots 
are seen to form locally the 3R stacking sequence. 
Shifts of the rows over _+1/61100] are also observed 
and reveal the presence of APBs. As a result the local 
formation of the Oii  I structure can be easily recog- 
nised (unit cell indicated in the figure). The corre- 
sponding Fourier transform of the HREM image is 
shown in the inset to Fig. 11, revealing the incom- 
mensurate nature of this structure. The fact that the 
splitting is almost parallel to e* indicates that the 
"average" orientation of the shear planes is (001). 

The positions of the reflections for a superstructure 
derived from a basic structure (3R) by the regular 
introduction of translation variants can also be derived 
by the fractional shift method [18]. The reciprocal 
space vectors g determining the series of new spots, in 
which a basic reflection H splits because of the 
periodic introduction of parallel shear planes with 
spacing d and shear vector R, are given by the formula 

g= H+ 1/d(m- H-R)e 

where m is an integer and e is the unit vector 
perpendicular to the interface. 

In all the experimental electron diffraction patterns, 
as well as in the calculated patterns or the Fourier 
spectra, the fractional shifts of the extra spots relative 
to the positions of the 3R structure spots are found to 
be ___1/3. The more intense reflections being those 
with the smallest absolute values of fractional shift, as 
predicted by the theory. The fractional shifts are equal 
to H . R .  The shear vector with respect to the 3R 
structure can be written as R =  -+1/6[130]= 
-+[01i0]hex. The displacement vector is also confirmed 
by HREM observations. 

3.4. (0110) planar interfaces 

A different type of planar defect perpendicular to 
the interface and parallel to the (0110) planes has also 
been observed, mainly in samples of type 3 (Fig. 12). 
HREM images taken with different defocus values 

Fig. 11. A high resolution image taken along the [1230]hex axis from 
the second modulated structure phase. Arrows 1 indicate the shear 
planes and arrow 2 indicates the characteristic 3R direction. Some 
unit ceils of the O~I I structure are also indicated. The Fourier 
transform corresponding to the image is shown in the inset. The 
splitting of the spots is almost parallel to the e*-axis. The distance 
between two successive superstructure spots is approximately 1/ 
6[003]*. 

Fig. 12. High resolution images of the same area from a sample of 
type 3 taken along the [1010]h~x axis with different defocus values. 
Four orientation variants are present, with boundaries (indicated by 
arrows) perpendicular to the silicide/Si interface. The image of (a) 
represents at higher magnification the area A of 2 (c). Note the 
different offsets of the rows in the two images. 



250 N. Frangis et al. / Journal of Alloys and Compounds 234 (1996) 244-250 

show that the relative alignment of the horizontal 
bright dot rows across the vertical "interfaces" is very 
sensitive to focus. As can be seen from the image of 
Fig. 12(b), a shift between the rows of the two 
"grains" is present, although it is not in the image of 
Fig. 12(a) taken with a different defocus value. This 
observation, together with the difference in back- 
ground intensity, indicate that these interfaces are 
"twin" planes separating orientation variants of the 
O m superstructure based on a common Er sublattice. 
Indeed, three orientation variants can exist depending 
on which of the three equivalent hexagonal directions, 
[1010], [01i0], [1100], becomes the aol, ,  orthorhombic 
axis. All three orientation variants have the same 
structure projection and image for a perfect zone axis 
alignment; however, small deviations in thickness or 
defocus value or a slight tilt away from the perfect 
orientation, will all affect the position of the rows of 
bright dots as observed in Figs. 12(a) and 12(b). 

In some diffraction patterns reflections appear 
which correspond to a repeat distance of about 5.12 A 
along the c-axis (Fig. 4(f)). In the real space images 
(Fig. 2(a)) the corresponding "phase" appears as 
bands between the phases just described. The interpla- 
nar distance of 5.12 A equals the d101 of the Om 
phase. It is therefore acceptable that this "phase" 
consists in fact of bands of the O m phase, misoriented 
with respect to the normal thin film, in such a way that 
the [1011]* axis is now parallel to the [111]*~ axis. 
Unfortunately, the high resolution images do not 
provide further information because of the limited 
resolution of the available instrument. 

4. Conclusions 

Electron microscopy of erbium silicide thin films 
grown under slightly different conditions on silicon 
(111) substrates enabled us to characterise these layers 
to present a very good epitaxial growth for all samples 
and for all observed phases. Ordering of vacancies in 
the silicon sublattice seems to be the most dominant 
reason for the formation of different superstructures 
within a common Er sublattice. 

A more homogeneous composition for the ErSi 2 x 
systems is observed for the x =0.3 silieide. It is 
remarkable that for higher concentrations of Si the 
formation of Si islands was found; these lower the Si 
content in the silieide down to the composition ErSil .  7, 
which appears the most stable one. 

The presence of several "incommensurate" phases 
in this material can be attributed to non-stoichiometry, 
as confirmed by electron diffraction and HREM 
studies. At the non-conservative interfaces the con- 
centration of vacancies deviates from that in the bulk 
and a crystallographic shear-type structure is formed. 
Structural models for these new phases are derived. 
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