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Abstract 

High-resolution electron microscope (HREM) 
images of the 6 phase of TiOx (0.7 < - x < - l ' 0 )  were 
analysed by comparison with computer-simulated 
images. This allowed a hexagonal structural model, 
proposed previously on the basis of powder X-ray 
data, to be confirmed using effectively single-crystal 
data for two projections of the structure. A study of 
the sensitivity of HREM images to crystal thickness 
and local variations in stoichiometry allowed (i) local 
variations in grain thickness to be assigned in the 
range 173 to 245 ~ and (ii) the local stoichiometry 
to be assigned as x = 0.8. The techniques developed 
should extend readily to studies of other polycrystal- 
line thin films. 

I. Introduction 

The crystal structure of TiOx (0 <- x -< 1.25) varies with 
x, the Ti atom arrangement varying from essentially 
h.c.p, to essentially c.c.p. Thus the h.c.p, a phase 
occurs in the range 0<-x<-0.5, when oxygen atoms 
are included in tetrahedral interstices, and in the 
range 0.5 <- x <- 0.9 a mixture o f ( a  +TiO) phases may 
occur, depending upon thermal treatment (Roy & 
White, 1972). The Ti20 phase represents one of the 
possible ordered arrangements of oxygen (Holmberg, 
1962). The 'rock-salt' (c.c.p.) type TiO phase exists 
in the range 0.7<_x<_ 1.25. This contains empty 
titanium and oxygen sites (Andersson, Coll6n, Kug- 
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lenstierna & Magn61i, 1957), which may become 
ordered following appropriate thermal treatments 
below 1260K (Watanabe, Terasaki, Jostons & 
Castles, 1970). The so-called transition structure con- 
tains vacant sites of oxygen (Watanabe, Castles, Jos- 
tons & Malin, 1966) and titanium (Hilty, 1968) con- 
centrated on every third (220) plane of the 'rock-salt' 
type structure. Such an ordering of space distorts the 
parent lattice (Hilty, 1968; Yamada 1983). The so- 
called 6 phase may occur for 0.53 <- x <- 0.89. Bumps, 
Kessler & Hansen (1953) reported its structure to be 
tetragonal, and this was apparently confirmed by 
Schofield & Bacon (1955-56). However, Andersson 
(1959) proposed a hexagonal structure for the 
phase. This was based upon an analysis of X-ray 
powder data. Since this phase apparently always 
coexists with a +TiO phases the structure analysis 
by single-crystal techniques was not possible. Yamada 
& Yoshida (1983) studied the phase transformation 
of evaporated films of TiOo.5 (a phase) into the TiO 
phase by in situ oxidation of evaporated thin films 
using an electron microscope, when a characteristic 
sequence of changes could be induced. Grains of the 
g-phase precipitate during this transformation and 
Andersson's hexagonal unit-cell parameters for the 
phase were verified by analysing diffraction patterns 
taken from these single-crystal grains. The lattice 
parameters measured were nearly equal to those of 
Andersson, i.e. A~--4.99 and C~ = 2.88 A. 

In the present l~aper HREM images of the 6 phase 
are presented for two projections of the structure. 

© 1984 International Union of Crystallography 
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Image-matching techniques, using computer simula- 
tions, confirm the hexagonal structural model of 
Andersson. In addition, it is shown how these tech- 
niques can provide valuable information concerning 
the stoichiometry, thickness and topology of 
individual grains. 

2. E x p e r i m e n t a l  

A bulk crystal of TiO~.o was evaporated onto a NaCl 
substrate held at 800 K. After being detached from 
the substrate the 300 A thick film was heated at 850 K 
in a vacuum of 3-7 mPa in the specimen chamber of 
a JEMo7 electron microscope (Yamada, 1983). 
Changes in diffraction contrast images and in diffrac- 
tion patterns were observed in s i t u  during heating 
and the composition of the film was measured by an 
Auger electron spectrometer (Yamada & Yoshida, 
1983). 
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The as-deposited film was composed of both the 
(a +TiO) phases, with the composition TiOo.~. After 
annealing at 850 K for 5 min the composition was ca 

TiOo.6 and crystallites of an ordered transition struc- 
ture appeared. On annealing at 850 K for one further 
minute fine diffraction spots appeared suddenly (indi- 
cated in Fig. l a) and precipitation of new crystallites 
occurred (Fig. 1 b). It was verified readily, from selec- 
ted-area diffraction patterns, that these were crystal- 
lites of the ~ phase. The crystallites of the ~ phase 
are larger than those of the a or TiO phase and may 
be up to several thousand ~ngstrSms in diameter. The 
composition ofthe film, including a + TiO + t~ phases, 
now ranged from TiOo.7 to TiO~.o. High-resolution 
electron micrographs were taken with a JEM-1000 
electron microscope with objective-lens pole pieces 
having spherical aberration coefficient C~-- l l  mm. 
The size of the objective aperture used for HREM is 
indicated in Fig. l(a).  

(a) 

(b) 
Fig. I. (a) Diffraction pattern showing polycrystalline nature of 

TiOx (0.7-< x <-0.9) thin film, after annealing at 850 K for ca 
6 min. The diameter of the objective aperture used for high- 
resolution studies is indicated. (b) The corresponding diffraction 
contrast image shows many small crystallites. A relatively large 
crystallite (circled), giving rise to the hexagonal spot pattern 
shown within (a), was selected for HREM study. 

3. H R E M  o b s e r v a t i o n s  

Fig. 2 gives a wide-field view of the area chosen for 
HREM. Many grains, having a variety of misorienta- 
tions and sizes, may be seen. Small-angle grain boun- 
daries are indicated by relatively broad fringes across 
which changes in image detail occur. Characteristic 
contrasts (labelled A, B, C and D) occur throughout 
the field. In this case [00.1]~ is approximately parallel 
to the electron beam throughout most of the area. 
Even within this area, which shows essentially one 
grain and its immediate surroundings ( - 3 0 0 A  
diameter), there are a wide range of local contrasts; 
labelled A, B, C, D and E, for example. Fur ther  

Fig. 2. Relatively wide-field HREM image of the area circled in 
Fig. l(b), showing lattice geometry which corresponds essen- 
tially to [00.1]~ orientation throughout most of field. Broader 
fringes indicate low-angle grain boundaries inclined to foil nor- 
mal. Characteristic contrasts (labelled A, B, C, D and E) show 
essentially hexagonal symmetries. 
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enlargements of these images are given below, Figs. 
6(a)-6(d) ,  when they are compared with computer 
simulations.] In all cases the arrangement of blobs is 
essentially hexagonal, revealing the unit-cell spacings 
4.99 and 2.88 ~ characteristic of the [00.1]~ projec- 
tion of the 8 phase. The featureless area to the right 
in Fig. 2 probably consists of very fine-grain a-  and/or  
TiO-phase material, indicated by diffuse spots and 
rings in the selected-area diffraction pattern (cf. Fig. 
la) .  

Fig. 3(a) gives a selected-area diffraction pattern 
from an area of the film containing a relatively large 
grain indicating the [01.0]~ projection of the 8 phase. 
Diffuse spots and rings again indicate coexistence 

(a) 

. .  
- ,  

with a +TiO phases. Fig. 3(b) shows a part of the 
HREM image from this grain, when the 4.32 and 
2.88 ,~ lattice spacings appear. The image contrast is 
relatively uniform throughout, compared with Fig. 2. 

4. Computer simulation of HREM images 

(a) Structural model for  8-phase TiOx (0.7 <- x-< 1.0) 

The atomic coordinates for computer simulations 
were taken from Andersson (1959), since both the 
earlier single-crystal electron diffraction analysis 
(Yamada & Yoshida, 1983) and the present HREM 
results are clearly consistent with the hexagonal cell 
parameters but do not correspond to the tetragonal 
cell reported by Bumps et al. (1953). Thus the space 
group was taken as P 6 / m m m  (No. 191) with 1 Ti in 

1 2 1  2 1 1 .  l (a)  at 000; 2 Ti in 2(d) at ~ ,  ~ ,  and 3 0  in 3( f )  
at ½00, 0½0, i l ~ 0 .  

The structure is illustrated in Figs. 4(a) and 4(b), 
projected along [00.1]~ and [01.0]~, respectively. 
Large and small circles represent titanium and oxygen 
atoms, respectively. Open circles have z -- 0 and filled 
ones z =½ in Fig. 4(a). The oxygen positions have 
mean occupancy x, presumably with a homogeneous 
distribution. The structure is described in detail by 
Andersson (1959) and its structural relationships with 
a-Ti20 and Ti-O have been treated by Andersson 
(1960) and, from a different viewpoint, by Yamada 
& Yoshida (1983). Note that the metal-atom structure 
is neither h.c.p, nor c.c.p. The oxygen atoms occupy 
[OTi6] octahedrally-coordinated sites within the 
metal-atom array. 

a.3  

I i  
2.9~ 

(b) 
Fig. 3. (a) Selected-area diffraction pattern from a relatively large 

grain (cf. Fig. 5) showing [01.018 rectangular pattern coexisting 
with diffuse spots and rings corresponding to a +TiO phases. 
(b) HREM image of grain showing [01.018 lattice spacings. 
Image detail is relatively very uniform compared with Fig. 2. 
Note 4.32 and 2.88/~ lattice spacings. Inset shows computed 
image for x = 0.8. 

( b ) Image-simulation techniques 

Calculations were based upon the multislice formu- 
lation of the N-beam dynamical theory of electron 
scattering by crystals (Goodman & Moodie, 1974) 
using recent modifications of the computer programs 
(Wilson, 1981). The electron energy was taken as 
1MV with spherical aberration coefficients Cs = 
11 mm, as appropriate for the JEM-1000 instrument 
in Sendal. Preliminary calculations indicated that the 
effective instrumental resolution was approximately 
2.4 A for the present images.* 

Figs. 5(a), 5(b) show the variation with increasing 
thickness of the amplitudes and phases of low-order 
beams for the [00.118 projection of TiO~.o. The 
maximum grain thickness is - 300 /~ ,  the same as that 
of the as-deposited film (Yamada & Yoshida, 1983). 
Note the quasi-periodicity of approximately 100,~ 
for the transmitted beam 000, which reflects the 
oscillations in 110 and 300 of ca 80 and 140/~, respec- 
tively. Note the discontinuity in the variation of phase 

* More recent images, for other materials, indicate 1.8 A resolu- 
tion may now be achieved (Hiraga, Tsuno, Shindo, Hirabayashi, 
Hayashi & Hirai, 1983). 
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for the 110 beams of thickness H = 100 A and the 
oscillations in phase of both 110 and 300 beams. Since 
110 beams are directly effective in forming the image 
(Fig. 5a) a strong thickness dependence of image 
contrast may be anticipated. It is clear from Fig. 2 
that the grain thickness is changing rapidly, at least 
around its periphery. Images were therefore calcu- 
lated for a range of thickness 0 -  < H-< 350 A. Fig. 2 
was actually the fourth of a through-focal series of 
images recorded from the same area, at defocus inter- 
vals ( a f )  of 500 A. Owing to the continuous nature 
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(b) 
Fig. 4. The crystal structure of 6-TiO x, projected along (a) [00.1]~ 

and (b) [01.0]~. Large and small circles represent  t i tanium and 
oxygen atoms,  respectively. Open  circles have z = 0 and filled 
ones z=½ (in a).  The oxygen posit ions are partially unfilled, 
p resumably  with a homogeneous  distribution. 

of the film the initial defocus condition could not be 
controlled precisely, for example by studying the 
behaviour of the Fresnel fringe or contamination of 
the film. However, assuming Af = 0 for the first image 
we deduce Af = - 1500 ~ for Fig. 2. In fact, through- 
focal series of images were calculated initially for 
- 1800 ~- Af_~ +200 ,~, although comparisons with the 
experimental images established that the defocus 
range - 1800 <- Af_< - 1500 ,~ was most appropriate 
for image matching. In order to allow for possible 
effects of variations in local stoichiometry on the 
image contrast it was necessary to repeat the simula- 
tions for x = 0.7, 0.8, 0-9 and 1.0. The effect of x on 
the variation of amplitude and phase of the transmit- 
ted beam showed that the images will be sensitive 
to x for 200_<H~_350~. In effect the computer 
simulations lead to a large matrix of images, show- 
ing variations with crystal thickness, stoichiometry 
(resolution, initially) and objective-lens defocus. 

( c ) Image-matching procedure 

The characteristic contrasts labelled A, B, C and 
D (Fig. 2) were selected for image matching. Since 
the film was only 300 A thick and the image contrast 
was not strongly dependent upon objective-lens 
defocus steps of <- 100 ~ or on stoichiometry changes 
Ax = 0.1, it was assumed initially that A f = -  1500 
and that the predominant factor in changing contrast 
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(b) 
Fig. 5. Variation with thickness of  (a)  ampli tudes and (b) phases 

of  low-order  reflections for the [00.1]~ project ion o f  TiO].o. Note  
the smooth  variat ion for most reflections, but oscillations (quasi- 
period - 8 0  and 120/~) for  I I0 and 300 beams. Note  also 
discont inui ty  in phase for  l l0 at H = 100 A. 



SHEN G U A N G  JUN, L. A. BURSILL, K. YOSHIDA, Y. YAMADA AND H. OTA 553 

Table 1. Location of  characteristic images A, B, C and D (Fig. 3) with respect to crystal thickness H ( ]~ ) and 
objective-lens defocus Af( ]~ ) 

- a f  
H 

143.9 
158.3 
172.7 
187. i 
201.5 
213.9 
230.3 
244.7 
259- I 
273-3 
287-9 
302.3 
316.7 
331-1 
343-3 
359.9 
374.3 
388.7 
403. ! 

,4 means  that  the image is similar t o  A .  

- 1 3 0 0  - 1 6 0 0  - 1 7 0 0  
0-7 0.8 0-9 1-0 0.7 0-8 0.9 1.0 0-7 0.8 0.9 

A A A 

D D 

B 

B B B 

D A 

1 i ° 
D D D 
D C C 

D 
D 
D D D 
C D 
C 

1.0 

B 
B 

was local variation of crystal thickness across the 
grain. The effect of Af and then stoichiometry were 
investigated at a later stage. Thus, the simulated 
images were classified as A, B, C or D type and a 
table was constructed (see Table 1) indicating the 
variation with crystal thickness, defocus and 
stoichiometry. Clearly, any one of the characteristic 
images A - D  may be found for quite diverse values 
of the experimental parameters. There does not 
appear to be a direct analytical route to a unique 
solution for the image match. It was possible, 
nevertheless, to find a combination of crystal-thick- 
ness variations (indicated in Table l) for A f =  
- 1 7 0 0 ~  and x- -0 .80  which gave a reasonably 
smooth variation of contrast for 173 <- H-< 245 ,~, 
which was consistent with the experimental result of 
Fig. 2. Detailed comparisons of computed and 
observed characteristic images are shown in Fig. 
6(a) - (d) .  In fact, the requirement of having a smooth 
sequence in thickness variation (without sharp 
changes in Afand x) across the field of Fig. 2 provided 
a severe constraint in assigning Af and x. Thus, whilst 
it is not reasonable to claim that the assigned values 
of H, /if, and x provide a unique image match it is 
necessary to note that we were unable to find an 
alternative set which gave even remotely as convin- 
cing an image match. 

The variation with thickness of the amplitudes and 
phases of the 000, 001, 100 and 101 beams for the 
[01.0]+ projection were far less sensitive to thickness 
than ,was the case for the [00.1]+ projection. Thus, 
image matches for the [01.0], projection could be 
obtained for a wide range of thickness, AS and x, 
values [an example is inset in Fig. 3(b) for x = 0.8]. 
Clearly, images for this zone are not useful for precise 
determination of crystal thickness or stoichiometry. 

• • 41, 8 • - + 

Ii II g~ ,~  • O o' , al 

; O ,  • , IP o • 4P • 

p 4p 9 + I , 0  411 • • 

• O + • IP 41++11 4P 

• • • • 4; • • • 

ql, • • ~ • 41 4 

+ e '  • IP  • • 

° • 

O _ ~ O  " . . 
~. - ,,, o ~ o 9 0 0  , • , - . : ; - . . . .  : . .  

• ,+ • v +,, • 

• ~J - • • q 
, • • i 

. ,+ • • • + 

• 41 e ,  ql l , l q  

° I  t 
~ a 

t l  
(a) (b) 2.5~ 

. ,  ~ . , 4 ~  q J m ,  Q • ~ q 

41, " 6 " +  d p m  " d ~  * Q "  j 

0 • • 4 ~  qA 

. t O  ~ O ~  t 

. ) _ 1 . .  .;, . . . . . . ,  
.. ,~: ~" , .ira . . e  6 9 "  
j h , ,  ~ t •  ~ • . • . t , . . . . . . . :  
) ,~ • , "  ,e " e "  0 "  • . 

Ob A ~ • - • • l _ O  • • ~ q 9 ; 

I ~ , # 0 % ~ _ . _  . . . . . . .  , 
' ~  0 ,naLqP 4jbqL • ~ ~ W 
"~ lN 'ogo  • ~ ,, ,~ 

;a,O.. , g +  +.+.  
. p  _qp..g,, • q~-q 

' R  • " • Q " ' . l . . ,  I f f C . i .  

(c) (d )  

Fig. 6. Best-fit image matches  ob ta ined  for  character is t ic  images 
A, B, C and  D, provid ing  a smooth  variat ion in thickness H 
across the field o f  Fig. 2. ( A f = - 1 7 0 0  ~,, x = 0 . 8 ,  cf. Table  1.) 
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5. Discussion 

It appears from Table 1 and Fig. 6 that the structural 
model of Andersson must be essentially correct. Thus, 
a series of images, which are very sensitive to crystal 
thickness, objective-lens defocus and stoichiometry 
x, may be image matched. The range of crystal thick- 
nesses involved, 173 -< H -< 245/~,, is very reasonable 
given the observed topology (Fig. 2) of the polycrys- 
talline film and its independently measured thickness 
of 300/~. The HREM images thus provide valuable 
'single-crystar and topological data, which comple- 
ment the previously analysed X-ray powder data in 
this case. So far we have not found evidence for 
short-range ordering within 8-phase TiOx (0.7 <- H -< 
1.O). 

It should be noted that it was necessary to avoid 
selecting areas for image matching which were mis- 
oriented with respect to the incident beam. Thus, 
low-symmetry lattice images were excluded as being 
uncharacteristic. Similarly, areas where there was 
obviously more than one grain overlapping along the 
projection axis were excluded. These could only be 
image matched successfully if the orientation of both 

,0", #c 

, 

C 

(d) 

0.7 o.a 0.9 , , ~.o 

L.99~ 

Fig. 7. Simulated images for TiO~, (x = 0.7, 0.8, 0-9 and !.0) for 
Schemer defocus (Af=-II30A) and (a) H=40, (b) 296, (c) 
360 and (d) 400/~. Note thin-crystal 'structure images' are not 
sensitive to stoichiometry, whereas for thicker crystals x = 0.7, 
0.8 and 0.9 may be readily distinguished, although x = 0.9 and 
1.0 become far less distinguishable. 

grains was known precisely. It was not considered 
worthwhile to attempt to deduce orientation relation- 
ships for such areas from the micrographs. 

Further calculations showed that [00.1 ]~ projection 
images become sensitive to stoichiometry (x) for 
thicker specimens (H  >- 200/~,). Thus, Figs. 7 (a ) -7 (d )  
show images for x = 0.7, 0.8, 0.9 and 1-0 computed 
for the Scherzer defocus condition ( A f = - 1 1 3 0  A) 
and resolution 1.8/~,. Four crystal thicknesses were 
chosen for simulation, namely H = 40, 296, 360 and 
400/~. For H = 40 A (thin-crystal 'structure-image' 
condition) there is virtually no visible variation with 
x. However, for H = 296, 360 and 400/~, the images 
(Figs. 7b -7d )  do become readily distinguishable for 
0.7 -< x -< 0.9, with only small differences for 0.9 <- x - 
1.0. It is suggested therefore that if, in future work, 
the crystal thickness may be independently assigned, 
then it should be possible to study local variations in 
stoichiometry (for 0.7 <- x-< 0.9). It should also be 
possible to determine the topology of the thin film, 
and possibly also film thickness, using scanning elec- 
tron microscopy (SEM) or scanning transmission 
(STEM) techniques, at the same time as HREM 
images are recorded. 

Further attempts to study the structure of this and 
other TiO~ phases, using the combination of in situ 
annealing, HREM, SEM and Auger analysis, are 
continuing. 
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