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The Ge-Au and Ge-Ag alloy films were deposited in vacuum at room temperature and then 
systematically observed in the TEM. The maximum metallic concentrations in the alloy films, 
Cmax, which form the stable amorphous alloy phases of germanium with gold and silver, were 
obtained. The annealed crystallization temperature To, which falls with increasing metallic 
content in these films was also found. The structures of these films and their annealed 
specimens were also studied. There are various factors which influence the formation of 
amorphous alloy films deposited in vacuum for Ge-metal systems. A new formula for Cmax has 
been derived. The annealed crystallization character has been explained by means of the 
variation of the free energy and the activation energy of crystallization. The activation energy 
of crystallization, Ea, can be obtained from the data values of To. For Ge-Au films, 
Ea (Au) = E~ - 1 8.66 C~, u + 16.83 CAu + 1 ) -I- 3.3 (kcal mol- 1 ); for Ge-Ag films, 
Ea (Ag) -- E~ - 2.754 C~,g + 3.81 5 CAg + 1 ) _ 2.6 (kcal mol 1 ). In order to explain all these 
results, two kinds of phase diagram for the alloy films have been introduced. One is the three- 
dimensional relationship diagrams of phase formation in semiconductor-metallic alloy films; it 
was introduced to explain the influencing factors. The other is the three-dimensional phase 
diagrams of annealed semiconductor-metallic films systems. From this diagram all the phase 
transitions can be found. 

I .  In t roduct ion 
The amorphous semiconductor (germanium or 
silicon)-metallic alloy films have important appli- 
cations in the field of electronic devices, and the 
degeneration in this kind of thin film could occur 
during the operation process, so investigation of the 
formation of the amorphous state and the annealed 
crystallization of these films has great significance in 
practice [1-5]. Usually the Ge (or S0-metallic co- 
deposited films which are rich in germanium (or sil- 
icon) can form the amorphous state. In this kind of 
film, germanium (or silicon) forms in the amorphous 
state during the co-deposition process at room tem- 
perature or lower temperature. Chopra et al. [6-133 
investigated Ge-metallic alloy films and found that 
different metals have different maximum metallic 
concentrations, C . . . .  which form stable and homo- 
geneous amorphous alloy phases during the room- 
temperature deposition process. The experimental 
values of Cma ~ for different Ge-metallic systems were 

obtained by Randhawa et al. [14-17]. Based on these 
results they derived a formula using some parameters 
expressing the properties of Ge-metallic systems 

5 

Cma x = Aoexp(-mTm) + ~ ajS j (1) 
j = 0  

where Cma x is in atomic per cent, T m is the melting 
point of the metal (K), S is the solid solubility of 
metallic element in c-Ge at 500 ~ (773 K) according 
to the equilibrium phase diagram (at %), Ao, m and aj 
(j = 0 5) are constants. The variation of the structure 
of the Ge (or Si)-metallic co-deposited films plays an 
important role in their applications due to the varia- 
tion of their properties in many fields [-18-23]. For 
example, because of the crystallization of the semi- 
conductor-metal alloy films, the conductivity of the 
films changes to a great degree; it influences the 
electronic and optical properties of these films signific- 
antly [7, 10, 13, 24]. After the annealing treatment for 
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the Ge Au and Ge Ag amorphous films, the amorph- 
ous germanium (a-Ge) crystallized, and the crystal- 
lization temperature, To, decreases with increasing 
metallic content [-9, 11, 25-30]. 

In the present work, systematic transmission elec- 
tron microscope (TEM) observations and selected- 
area diffraction (SAD) analyses were made for Ge Au 
and Ge-Ag co-deposited alloy films and their an- 
nealed films over wide concentration ranges. From 
TEM and SAD experiments, we found that the stable 
and homogeneous amorphous alloy films could form 
only at lower metallic contents (CAu ~< 16.6at%, 
CAg ~< 3.4 at %) for room-temperature deposition; the 
SAD patterns for these films indicated amorphous 
germanium (a-Ge) haloes. When the metallic contents 
were higher, the room-temperature deposited films 
were composed of Au-Ge metastable phase and a-Ge 
phase for the Ge-Au system and the SAD patterns 
were composed of Au-Ge metastable phase dotted 
rings and a-Ge haloes. On the other hand, the mixture 
of a-Ge and polycrystalline Ag (c-Ag) occurred for 
room-temperature deposition for the Ge-Ag system, 
the SAD pattern being composed of a-Ge haloes and 
c-Ag rings. The pure a-Ge film had Tc = 450~ 
(723 K) under our annealing conditions. Throughout 
the TEM and SAD experiments, the roles of the 
variation of Tc with metallic content and the forma- 
tion of phases in the annealed films with different 
annealing temperature /i, were known. The factors 
which influence the formation of the amorphous alloy 
deposited films were estimated and a new formula 
using more parameters expressing the properties of 
the Ge-metallic systems was derived. The annealed 
crystallization is explained based on the variation of 
the free energy and the activation energy of the crys- 
tallization of a-Ge in the alloy films. The formulae for 
E. varied with the metallic contents CAu and CAg were 
derived based on the To values and the value of pure 
germanium film E ~ [31]. In order to describe these 
results two kinds of phase diagram of the alloy films 
were introduced: (1) three-dimensional phase forma- 
tion diagram for describing the phase formation of the 
alloy films deposited in vacuum; (2) three-dimensional 
phase transition diagram for describing structural 
changes of the alloy films. Finally, a comparison of the 
crystallization mechanisms and the crystallization 
properties of the alloy films with semiconductor/metal 
bilayer films was made. 

2. Experimental method 
2.1. Specimen preparation 
The alloy films were co-deposited on to freshly cleaved 
NaCI (1 0 0) crystal at room temperature. The distance 
between the evaporating source and the sheet surface 
was 60.0 mm. The deposition started at a pressure of 
2.7 x 10-a Pa. During the deposition process the pres- 
sure was about 6.7x 10 -3 Pa, the evaporation rate 
was about 2 nms -1, and the film thickness about 
50 nm. Before deposition a shelter was placed on top 
of the sheet and the deposited materials were pre-fused 
three times with a small current in the tungsten boat. 
Nine concentrations were studied for each system. The 

CAu range was 2-80 wt % (0.75 60 at %) and the CAg 
range 2-75 wt % (1.4-67 at %). The concentration of 
each sample was obtained by weighing raw materials 
of the alloys and verifying the results by energy dis- 
persive X-ray spectroscopy (EDX) analysis. 

2.2. Specimen annealing 
The annealing of the alloy films was carried out in the 
vacuum diffusion furnace. The specimens were sealed 
in the quartz tube. Before heating the pressure in the 
tube was 2.7 x 10 -3 Pa. When the temperature in the 
furnace reached a given value, the quartz tube was 
moved into the constant-temperature region in the 
furnace. When the given temperature was re-obtained 
after the rapid rising of the temperature (in the dura- 
tion of 2.5 min or less), the time was recorded. During 
annealing, the variation range in the temperature in 
the tube was less than _+ 5 ~ The pressure in the 
tube became lower than before the tube was moved 
into the constant-temperature region, but after main- 
taining the temperature for 1 2 min after the given 
temperature was obtained, the pressure in the tube 
again reached 2.7 x 10 -3 Pa. The annealing treatment 
was continued for a certain time (usually 30 min), then 
the quartz tube was moved out off furnace cavity and 
cooled rapidly in cool water. After 1-3 min when the 
temperature in the tube had fallen to 30-40~ the 
annealed specimen could be removed. A series of 
annealed specimens was made for the Ge-Au and 
Ge-Ag amorphous alloy films with different composi- 
tions, and annealing temperatures, T,, from 
50 500 ~ at 50 ~ intervals. 

2.3. TEM observation 
TEM observation and SAD analysis were performed 
with a JEM-200CX scanning transmission electron 
microscope (STEM); the accelerating voltage was usu- 
ally 200 kV. Because the crystallization behaviour of 
a-Ge film was influenced by the electron-beam radi- 
ation, the following experimental procedure was 
adopted: (1) the sample chamber was cooled with 
liquid nitrogen; (2) the intensity of the electron beam 
was maintained as small as possible: (3) whilst the 
electron beam irradiated one area of the film during 
the adjusting operation, it was moved to an other 
interesting area of the film adjacent to the initial area 
for microphotography; (4) micro-beam analysis was 
made with the EDAX 9100 X-ray EDS attached to the 
STEM. Because the illumination time of the electron 
beam was as long as 2 min during composition ana- 
lysis, this must be the final step. In the experimental 
process, the correspondence between the microphoto- 
graph, microdiffraction and microanalysis must be 
guaranteed [32 34], although the area of micro-ana- 
lysis was larger than that of the microdiffraction. 

3. Experimental results 
3.1. Alloy films deposited at room 

temperature 
The concentration range of the nine Ge Au films 
ranged from 2 80 wt % (0.75-60 at %). That of the 
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nine Ge-Ag films was 2-75 wt % (1.4-67 at %). 
Tables I and II present the main results of the room- 
temperature observations for Ge-Au and Ge-Ag 
films, respectively. Figs 1 and 2 show micrographs and 
the SAD patterns of four of the nine films, respectively. 
From Tables I and II and Figs 1 and 2 the following 
observations may be made. 

1. There are no obvious grains in the photographs 
and the film has a homogeneous amorphous structure 
for C A u < 2 5 w t %  ( l l a t % )  and C A g < 2 W t %  
(1.4 at % ); the SAD patterns consist of a-Ge haloes. 

2. There are very fine grains in the photographs 
when C A , = 3 5 w t %  (17 at %) and C A g = 5 w t %  
(2.4 at %), their size being about 10 nm or even smal- 
ler. The Au (1 1 1) and Ag (1 1 1) rings appear in the 
SAD patterns. It is shown that some of the Au(Ag) 
atoms are present as Au(Ag) clusters under our experi- 
mental conditions. However, Randhawa et al. [14-17] 
discovered that the largest content of silver which 
could form the homogeneous amorphous phase de- 
posited at room temperature for the Ge-Ag alloy 
system w a s  Gag(max ) = 12 a t % .  This difference is 

based on the experimental conditions. Because the 
formation of a mixed phase of germanium and silver is 
more difficult than that of germanium and gold, silver 
forms the finer grains on the NaG1 monocrystalline 
substrate. 

3. In addition to the a-Ge haloes Au-Ge  meta- 
stable phase dotted rings appear in the SAD pattern 
[35-37] when CAu = 50 wt % (27 at %). This shows 
that the Au-Ge  metastable phase forms easily under 
room-temperature deposition in a vacuum, but excess 
germanium is still in the amorphous state. From the 
micrograph it is seen that the film is not homogeneous. 

The a-Ge haloes are weaker and the Au-Ge  metast- 
able phase dotted rings are stronger in the SAD 
pattern at Cau = 65 wt % (41 at %). There are Some 
radially striped regions in the film; the diameter of 
these regions is about 2.5 gm. 

Only the Au-Ge  metastable phase dotted rings are 
seen in the SAD pattern for CA, = 80 wt % (60 at %). 
It is known that there is no a-Ge present. The film has 
the layer structure which is observed in the micro- 
graphs, and their morphology is very similar to that of 

Figure 1 The room-temperature observation of Ge Au alloy films. ~(a) 35 wt % Au, (b) 50 wt % Au, (c) 65 wt % Au, (d) 80 wt % Au. 

Figure 2 The room-temperature observation of Ge-Ag alloy films. (a) 2 wt % Ag, (b) 5 wt % Ag, (c) 25 wt % Ag, (d) 65wt % Ag. 
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T A B L E  IV Systematic TEM observations of annealed samples of G e - A u  films 

Film no. 2 5 6 9 

CA. (wt%) 5 25 35 80 
(at %) 1.9 10.9 16.6 59.6 

T~ (~ 250-300 100 150 50-100 20-50 
T, (~ D (nm) 

TEM 300 ~ 10 150 ~ 10 100 ~ 15 

SAD 

350 ~ 12 200 ~ 12 150 ~ 18 
400 ~ 12 250 ~ 15 200 ~20  
450 ~ 15 300 ~ 18 250 ~25  
500 ~ 15 350 ~ 20 300 ~ 30 
500 ~ film has big 400 ~ 22 350 ~ 35 
black grains about 450 ~25  400 ~ 4 0  
40-60 nm 500 ~ 30 450 ~ 45 

white ~ 80 
500 ( black ~ 40 

300-450 ~ films: c-Ge rings, 
Au(1 1 1) can be seen faintly. 
500 ~ film: c-Ge continued 
dotted rings + Au(1 1 I) 
(more obvious than before), 
there are weak rings between 
Au( l  1 1) and Ge(220)  

150-350~ films: c-Ge c-Ge 
rings + Au( l  1 1). 400-500 ~ 
films: (c-Ge + c-Au) contin- 
ued dotted rings. 400-450 ~ 
films: there are new dotted 
rings between Au(1 1 1) and 
Ge (2 2 0). 500 ~ film: new 
rings become very weak 

100-200 ~ films: (c-Ge + 
c-Au) rings. 250 450 ~ films: 
(c-Ge + c-Au) continued 
dotted rings. 500 ~ film: 
(c-Ge + c-Au) discontinued 
dotted rings. 100-250~ 
films: the dotted rings 
between Au(1 1 1) and 
Ge (2 2 0) disappear. 
300-500 ~ films: there are 
new dotted rings between 
Au(1 1 1) and Ge(220)  (very 
weak) 

50-250 ~ films have eutectie 
stripped structure, width 
of stripes becomes wider 
with increasing T~; 
width: white 35 nm, 
black 50 nm, 
at 250 ~ Above 250 ~ 
films divide into two 
regions (nm): 

D(nm) 
T, (~ white black 

300 ~ 120 ~ 30 
350 ~ 200 ~ 50 
400 ~ film: recrystallization 
after melting 

50-350 ~ films: (c-Au + c-Ge) 
dotted rings + dotted rings 
between Au(1 1 1) and 
Ge (2 2 0), last rings are 
weakened in 250 ~ film and 
disappear in 300-350 ~ films 
basically. 400 ~ film: 
(c-Au + c-Ge) big dotted 
rings 

the layer structure of the Au-Ge eutectic alloy. The 
width of each layer is about 25 nm and its length is 
about 0.2 run. 

4. With increasing silver content the mean grain 
density in the films increases, together with the mean 
grain size. The SAD pattern shows that the film is 
composed of a-Ge and silver grains. When CAg is 
small, the a-Ge haloes and the AgO 1 1) ring are 
present in the SAD pattern; as CAg increases the other 
c-Ag rings gradually appear. When CAg = 75 wt % 
(67 at %), the a-Ge haloes become very weak. 

3.2. A n n e a l e d  alloy films 
The TEM observation and SAD analysis results for 
different kinds of annealed Ge-Au films are presented 
in Tables III and IV and Figs 3 and 4; those for Ge-Ag 
films are given in Tables V and VI and Fig. 5. 

1. The Ge Au amorphous alloy film which had 
lower gold contents, CAu < 35wt% (17 at %), 
crystallized at a given annealing temperature. 
When C A u = 2 W t %  (0.75 at%),  Tc=400-450~ 
(673-723 K). Tc decreases with increase in CAu. 
When C A u = 2 5 w t %  ( l l a t % ) ,  T~= 100-150~ 
(373-423 K) (Table III). With CAu ----- 5 wt % (2 at %), 
only a few grains present had a diameter of 5-20 nm 
for T~ = 250 ~ (523 K), but many small grains (grain 
diameter D-~ 10nm) appear in the Ta = 300~ 

1710 

(573 K) film (see Fig. 3a, b); only a-Ge haloes are seen 
in the SAD pattern for 250 ~ (523 K) film, but c-Ge 
rings and a very weak Au(1 1 1) ring appear for 
the 300 ~ (573 K) film (Tables III and IV). For the 
Ge-25 wt% (11 a t%)  Au alloy film, there are the 
similar variations in different Ta films (see Fig. 3c, d). 
D = 5-10 nm in the 100~ (373 K) film, the mean 
grain size being up to 10 nm when the film is annealed 
at T a = 150 ~ (423 K); a-Ge crystallized at the same 
time. For a higher T a 1- >~ 200 ~ (473 K)], D gradual- 
ly increases with Ta; when T, = 500~ (773 K), 
D ~ 30 nm (Table IV). It is shown that the metallic 
grains appear at the beginning of crystallization pro- 
cess of the amorphous alloy films for Ge-Au films 
(CAu < 35 wt % (17 at %)). 

2. When the gold content increases to 35 wt % 
(17 at %) in the alloy films, the dotted diffraction rings 
of the Au-Ge metastable phase appear in the SAD 
pattern for the 50 ~ (323 K) film (Table [iI). Coinci- 
dent with this report [25, 26] is that the stage of the 
germanium (or silicon)-metallic metastable phase 
formation usually occurs before crystallization of the 
a-Ge (or silicon) in the germanium (or silicon)-metal 
alloy films. On annealing at 100 ~ (373 K), the crys- 
tallization of a-Ge occurs, and the rings of the metast- 
able phase disappear from the SAD pattern at the 
same time. 
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T A B L E  VI Systematic TEM observations of annealed samples of Ge Ag films 

Film no. 2 5 7 9 

CAg (wt%) 5 25 50 
(at%) 3.4 18.3 40.2 

Te (~ 350-400 250 300 150-200 
Non-crystallized film 
TEM T,(~ D(nm) Ta(~ D(nm) Ta(~ D(nm) 

100 ~ 10 100 ~20 100 ~25 
150 ~ 10 150 ~20 150 ~30  
200 ~ 10 200 ~20 There are some black 
250 ~ 12 250 ~25 grains at 100~ 
300 ~ 12 There are some black 150~ film has white 
350 ~ 15 grains at 100~ grains 

SAD a-Ge halo rings a-Ge halo rings + c-Ag rings, a-Ge halo rings + c-Ag rings. 
+ Ag (1 1 1) 100 ~ film: new rings appear 100 ~ film: new rings appear 

between Ag(1 1 1) and (200), between Ag(l 1 1) and (200), 
when T, is increased, new when T, is increased, new 
rings become weaker and rings become weaker and 
weaker weaker 

Crystallized film T,(~ D (nm) 
TEM 400 ~ 20 300 ~ film: black grains 

450 ~20 (D ~ 35 nm) contact each 
500 ~25 other, film starts to divide 

into white and black regions, 
they separate further as T a 
increases 

SAD c-Ge rings 
+ Ag(1 1 1). 300 ~C film: (c-Ge + c-Ag) 

rings, there are very weak 
rings between AgO 1 1)and 
Ge(2 2 0). 350 ~ film: above 
rings disappear. 450 500~ 
films: (c-Ge + c-Ag) dotted 
rings, there are new weak 
dotted rings within Ge(l 1 1) 
and Ag(1 1 1) 

200 ~ film: black grains 
(D ~ 35 nm) contact each 
other, film starts to divide 
into white and black regions, 
they separate further as T, 
increases 

300 ~ film: (c-Ge + c-Ag) 
rings, there are new dotted 
rings within Ge(1 1 1) and 
Ag(1 1 1). After T a 350~ 
c-Ag rings gradually weaken 

75 
66.9 
150-200 

T,(~ D (nm) 
100 ~70 
150 ~80  
There are big black 
grains at (0.5-1 gin) at 
100~ The white regions 
appear at 150~ 

a-Ge halo rings + c-Ag rings. 
100 ~ film: new rings appear 
between Ag(1 1 1) and (200), 
when Ta is increased, new 
rings become weaker and 
weaker 

From 200 ~ the separation of 
white and black regions is 
further and further and white 
region grows gradually as T, is 
increased. 500 ~ film: big 
black grains (D ~ 2  gm) appear 

300 ~ film: c-Ge rings (weak) 
+ c-Ag rings, there are new 

dotted rings within Ge(1 1 1) 
and Ag(l 1 1). After T, 350 ~ 
c-Ag rings gradually weaken 

Figure 3 TEM observation of Ge Au annealed films which had lower gold contents. (a, b) Alloy fihn of 5 wt % Au: (a) 250 ~ 30 min; (b) 
300 ~ 30 min. (c, d) Alloy film of 25 wt % Au: (c) 100 ~ 30 min, (d) 150 ~ 30 min. 
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Figure 4 TEM observation of Ge 80 wt % Au annealed film. (a) 50 ~ 30 min, (b) 200 ~'C, 30 min, (c) 300 ~ 30 rain, (d) 400"C, 30 min. 

Figure 5 TEM observation of Ge -Ag  annealed films. (a, b) 25 wt % Ag film, (a) 250 ~ 30 min, (b) 300 ~ 30 min. (c, d) 75 wt % Ag film, (c) 
150 "C, 30 rnin, (d) 200~ 30 rain. 
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Figure 6 Ge-metallic element phase diagram. The concentration of each alloy film, the concentration range of each phase for room- 
temperature deposited films, the variation of crystallization temperature with concentration in alloy films and the a-Ge crystallization 
temperature in a-Ge/metal bilayer films, are marked. 

3. When CA, increases up to 50 wt % (27 at %), the 
Au-Ge metastable phase is found in the room-temper- 
ature deposited alloy film. When Ta -- 50 ~ (323 K), 
the crystallization of a-Ge in the alloy film had begun, 
but the Au-Ge metastable phase also remains. The 
Au Ge metastable phase disappears gradually as Ta 
increases. This is proved from the SAD patterns for 
different T= annealed films (Table III). Fig. 4 shows the 
TEM observation for Ge-80 wt % (60 at %) Au film. 
During 50 ~ (323 K) annealing, the structure of the 
alloy film transforms from the layer structure to the 
eutectic lamellar structure; but during 300 ~ (573 K) 
annealing, the annealed film is composed of black and 
white regions. It is shown that the alloy film is melted 
during the high-temperature annealing perio d . 

4. With increasing silver contents, the Tc for the 
Ge Ag alloy films deposited in vacuum decreases 
(Tables V and VI). When CAg = 2 wt % (1.4 at %), the 
value of Tc is equal to that of the pure a-Ge film. When 
CAg increases up to 25 wt % (18 at %), the grain size D 
of the 100 ~ (373 K) annealed film is about 20 nm, 
and there are dotted rings of the Ag-Ge metastable 
phase in the SAD pattern (Table VI and Fig. 5a, b). As 
Ta is raised, the intensity of these dotted rings gradu- 
ally decreases. The a-Ge in the 300 ~ (573 K) film has 
already crystallized, and the alloy film is composed of 
black and white regions (see Fig. 5). The annealing 
property of the Ge-Ag alloy films which have higher 
silver contents is the same as in this alloy film, the only 
difference being decrease in Tc (Figs 5c, d). 
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4. D i s c u s s i o n  o f  t h e  f o r m a t i o n  a n d  
c r y s t a l l i z a t i o n  o f  G e - m e t a l l i c  a l l o y  
f i l m s  

4.1. Factors which influence the formation 
of amorphous alloy films deposited at 
room temperature 

Fig. 6 shows the Au-Ge and the Ag-Ge equilibrium 
phase diagrams. The concentration of each alloy film 
and also the concentration range for each phase at 
room temperature in each film are marked in the 
figure. The variation of the range of the a-Ge crystal- 
lization temperature with concentration of the alloy 
films are also shown [25, 26]. For comparison, the 
a-Ge crystallization temperatures in a-Ge/metal bi- 
layer films are also given [25, 26]. 

In the usual vacuum-deposition conditions, because 
of the high supersaturation, judgement of the forma- 
tion of the amorphous film does not depend on the 
classical theory of nucleation and growth of grains. In 
order to investigate the factors which influence the 
formation of amorphous alloy films deposited at room 
temperature in vacuum, Table VII gives details for 
some Ge-metallic systems. In addition to the main 
properties which influence the formation of the alloy, 
the Cma x of each Ge-metallic system are also given 
(obtained by Randhawa et al. 1-14-17]. Although 
Randhawa et al. gave a formula of Cmax (see Equation 
1), they could not explain why only Tm (metallic 
melting point) and S (solid solubility of metal in 
c-Ge) can influence the value of C . . . .  the physical 
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meaning was not very clear. From Table VII the 
qualitative roles of the formation of the amorphous 
alloy films under co-deposition conditions at room 
temperature can be listed as follows. 

1. A high solid solubility of metal in c-Ge. 
2. A large difference in the electronegativity be- 

tween metal and germanium. 
3. A large difference in the atomic sizes between 

metal and germanium. 
4. Low melting point of the metal. 
From the equilibrium phase diagram scheme in 

Table VII it can be seen that the metallic elements 
which form an amorphous alloy film when co-depo- 
sited with germanium are: (1) a deep eutectic in the 
phase diagram of Ge-metaUic system (Ge-Au, 
Ge-Ag, Ge Cu, Ge-Fe ,  Ge-Ni ,  Ge-A1 and Ge-Sb), 
or (2) a degenerate eutectic system, i.e. the so-called 
"eutectic" point was moved to the pure metallic side 
(Ge-In, Ge-Bi,  Ge Ga and Ge Sn). The Ge Te and 
Ge-Si  systems are also included in Table VII, al- 
though tellurium and silicon are semiconductors. 
Their Cma x a re  higher at 85 at % (Ge-Te) or even near 
100 at % (Ge Si). Turnbull and co-workers [40-43] 
pointed out that because the liquid eutectic alloy has 
a high viscosity at relatively low temperatures it is 
favourable for solidification to a non-crystalline 
phase. Thus this type of Ge-metallic system is favour- 
able for the formation of an amorphous alloy film 
because of the low atomic diffusibility when atoms 
arrive on a cold substrate during the deposition pro- 
cess. 

Based on the above analysis, a new formula for Cmax 
has been derived to describe the relationship between 
the structural property and other main properties 
(including structural, physical and chemical proper- 
ties) for Ge-metallic systems 

Cm,x = Al[r(Me) - r(Ge)] 2 + 

Bl[Pe(Me) - Pe(Ge)] 2 + Cl[Tm(Me) 

-Tm(Ge) ]  z + D1Sd + E1 (2) 

where r is the atomic radius (nm), Po the electro- 
negativity, Tm the melting point (K), S d the solid 
solubility of metal in c-Ge at 500~ (773 K) in the 
equilibrium phase diagram (at %), and A~, B 1 , C 1 , D 1 
and E 1 are empirical constants. There is a good 
coincidence between the calculated values with 
Equation 2 and the experimental values, if we let 
A 1 = 20.45, B 1 = 152.5, C1 = - 11.88, D1 = 0.02402, 
and E 1 = 1.574. 

4.2. Variation of the free energy during the 
crystallization of Ge-metallic amorphous 
alloy films deposited in vacuum 

Fig. 7 shows a schematic diagram of the free energy 
curve of the Ge-Au (or Ge Ag) System at a certain 
environmental temperature, T (for example, room 
temperature). When the film is depos!ted at room 
temperature, if the metallic content, CMo, is lOW 
enough, the amorphous alloy film is formed. At that 
moment, the free energy curve is just at the position of 
a-Ge phase in Fig. 7; if the metallic content is higher, 
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Figure 7 The schematic diagram of the free energy curves of va- 
cuum-deposited films of the Ge metallic system. 

the film is then composed of the amorphous alloy 
phase and the crystalline metallic phase, and the 
proportion of these two phases is determined by the 
thermodynamical and dynamical factors during film 
formation. In the situation of the occurrence of the 
metastable phase, the film is composed of the amorph- 
ous alloy phase and the metastable phase (or the 
metastable phase plus the crystalline metallic phase, 
which depends on the relative positions of the free 
energy curves for these phases). Thus the concentra- 
tion of the film determines the phases formed during 
vacuum deposition. 

During the annealing process, the amorphous alloy 
films could crystallize, depending on the free energy 
condition of the alloy system. If the annealing temper- 
ature, T a, is high enough to accelerate germanium 
atoms to overcome the crystallization barrier, a-Ge 
transforms into c-Ge and relieves the crystallization 
latent heat at the same time. From Fig. 7 it can be seen 
that the free energy of the alloy system decreases to the 
dynamical stable state during crystallization. When 
the room-temperature deposition film is composed of 
the Au-Ge  (or Ag Ge) metastable phase and a-Ge 
phase, on annealing, on the one hand, the Au Ge (or 
Ag Ge) metastable phase dissolves into c-Au + c-Ge 
(or c-Ag + c-Ge); on the other hand, a-Ge transforms 
into c-Ge, and then the total free energy of the alloy 
system decreases, so the dynamical stable state is 
obtained. 

Fig. 8 is a schematic representation of the variation 
of the free energy of the Ge metallic amorphous alloy 
phase in the Ge-metal  film, with the metallic content. 
From this figure we have found that as the metallic 
content rises, the free energy of the system also 
increases, which is related to the free energy of the 
stable crystalline state, then the crystallization barrier 
which needs to be overcome during crystallization 
process is lower, so that the crystallization temper- 
ature To too is lower. When the metallic content CMo is 
high enough (at that moment it just corresponds to the 
A'" line in Fig. 8), it is not possible to form the 
amorphous alloy film; only the crystalline film could 
form during room-temperature deposition. 
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Figure 8 The variation of free energy of the Ge metallic amorph-  
ous alloy phase with CM~. 
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Figure 9 The comparison of E a of G e - A u  and G e - A g  alloy films 
calculated using Equations 5 and 6. 

4.3. The activation energy of crystallization 
in Ge metal bilayer films 

Because Tc depends not only on the crystallization 
barrier in the Ge-meta l  binary films but also on the 
activation energy, Ea, of crystallization in them, so the 
influence of the concentration of the alloy film on E, 
must be discussed. When the a -c  transition is studied, 
the Johnson-Mehl  Avrami (JMA) equation is usually 
written as follows [44-49] 

x = 1 - exp[ -- (Kteff) n] (3) 

where x is the volume fraction of transition, tef f is the 
effective time (annealing time, ta, minus incubation 
time, to), n is the Avrami exponent, K is the rate 
constant which is an Arrhenius temperature depend- 
ence 

K = Koexp(--  Ea/RT) (4) 

where the pre-exponential term, Ko, is the frequency 
factor, E a is the activation energy describing the over- 
all crystallization process, R is the gas constant, and T 
is the absolute temperature. Under our experimental 
conditions, the annealing time, ta, is 30 min, the heat- 
ing rate, R h, before the counting time and the 
cooling rate, Re, after the annealing time, are rapid 
and roughly the same, the pressure and environment 
in the quartz tube are in common with each other for 
each experiment, so we can assume there are no 
further variations in the formula for E a except the 
metallic concentration, CMe, for different alloy films. 
So the activation energy, E~, is a single function of 
CMe, that is, Ea = Ea(CMe).  E a usually decreases with 
increasing Cue with a similar form. Thus the frequency 
factor, Ko, and the Avrami exponent, n, are the same 
for each Ge metallic film (Equation 3). The difference 
in the rate constant, K, for example, is only due to the 
difference in the activation energy, E a. For Ge-Au (or 
Ge-Ag) films (Equation 4). Comparing Ge Au with 
Ge-Ag films, the values of K o and n could be different, 
but for all the Ge-Au films, which have different Cau, 

K o and n are non-variable. Therefore, we could estim- 
ate the values of E~ for Ge-Au and Ge-Ag alloy films 
using Equations 3 and 4. For the pure a-Ge film, 
the activation energy of crystallization E ~ is 
32.5 4- 2.3 kcalmo1-1 (1.4 + 0.1 eV) [31], which was 
obtained by differential scanning calorimetry (DSC). 
Based on the data of the crystallization temperatures, 
T c, for different films, and using the least square 
method of the estimated values of E a for the films, 
empirical formulae can be obtained for the two kinds 
of films 

for Ge Au films 

Ea(CAu) = g~ 18.66C2u 

+ 16.83CAu + l) + 3.3 (kcalmo1-1) (5) 

for Ge Ag films 

Ea(CAg ) = E~ -- 2.754C2g 

+ 3.815CAg + 1) 4- 2.6(kcalmo1-1) (6) 

Fig. 9 is a comparison of E a CMe curves for G e - A u  
and Ge Ag alloy films. From this figure we see that 
the decreased rate for Ge-Au  alloy film with increas- 
ing gold content is much more rapid than that for 
Ge-Ag film, coincident with the difference between 
the Tos for the two kinds of films. The most popular 
method used in analysing the crystallization process is 
differential scanning calorimetry (DSC). However, the 
most sensitive method for detecting the occurrence of 
crystallization is electron microscopy (TEM + SAD) 
[25, 26]. So combining the results of TEM observa- 
tion and SAD analysis with the value E ~ (obtained 
from the pure a-Ge film with DSC method [31]), we 
can estimate Ea for the Ge-metallic films which have 
every metallic concentration in the range of a-Ge 
crystallization. If the metallic content is larger than the 
upper limit of the a -c  transition for the Ge metallic 
system, the activation energy, E,(CMe), of crystalliza- 
tion of the a-Ge-metallic system cannot be obtained. 
Even in the range of a-Ge crystallization, the situation 
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could be very complex. For example, the higher metal- 
lic content could induce the formation of metastable 
phase (e.g. Au-Ge metastable phase). During the an- 
nealing crystallization process, this metastable phase 
could dissolve first, then the a-c transition would take 
place. In this case, Ea obtained by this method would 
be that for the whole process. 

5. Phase diagrams of thin Ge-metallic 
alloy films 

5.1. The first type of phase diagram for 
binary thin films the phase 
formation diagram 

When collisions occur between the vapour atoms in 
the Ge metallic system and the substrate atoms, and 
the temperature at the surface of substrate is lower 
than the glass transition temperature, Tg, the follow- 
ing three independent factors can determine the form 
of the film, that is, whether or not a stable amorphous 
film results: (1) the thermodynamic factor which de- 
pends on the deposition temperature, Te, and on the 
substrate temperature, T s - this is the basic factor; (2) 

the dynamic factor which influences the growth rate of 
the growing phase in the deposition process (this is 
discussed for a single component system in [47-49]); 
(3) for the alloy films, we believe that the atomic 
composition is an important factor [25, 26]. For 
example, if the growing phase of the Ge-metal alloy 
film is the a-Ge phase, then the metallic atomic con- 
centration in the ambient area could be higher than 
that in the growing phase, perhaps another phase may 
be formed, and then the layer structure could form, 
therefore the final film structure formed could be 
influenced by this factor. The above factors are inter- 
related with each other with certain roles. 

Gutzow and Avramov [47-49] presented phase 
formation diagrams for the pure element films (see 
Fig~ 10a and b). In order to investigate the relationship 
of phase formation in Ge-metal alloy films under 
vacuum deposition we have expanded it for the case 
of semiconductor metal alloy films, so that a three- 
dimensional phase formation diagram is obtained 
(Fig. 10c). The three coordinate axes of the phase 
diagram are the relative substrate temperature Tcr 
(x-axis), the relative vapour temperature, Tvr (y-axis), 
and the atomic composition, Cmr (z-axis) (Fig. 10). The 
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{a] x 

1.0~ ~ " "l . . . . .  ; 1 f /  
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Figure 10 The first type of phase diagram of a thin film, the phase formation diagram. (a) Pure semiconductor (Ge or Si) film; (b) pure metallic 
film; (c) semiconductor-metal  alloy film. 
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definitions of Ter, Tvr and Cmr are  

T~ 
Ter - -  

Tm 

r w =  Tm 
Te 1 - '~m/~o 

rm ] -- Xmro/,~Tm 

Cm 
Cmr - 

re < :rm 

Te>Tm 

(7) 

(8) 

(9) 

Fig. 11 is the phase formation diagram of the alloy 
system at a given temperature; it is a horizontal 
section of the diagram in Fig. 10c. From point A in 
this figure we know that when the relative substrate 
temperature is x A and the relative vapour temperature 
is YA, the maximum metallic content is z A = Cma • at 
which the amorphous state just occurs under vacuum 
deposition conditions. It should be noted that, be- 
cause the properties of the alloy system near the 
eutectic point are very complex, further information 
and analysis are required before the diagram can be 
defined exactly, so the lines in this region are dashed. 

where Tm is the melting point for the infinite bulk 
alloy, 2 m and 2 c are, respectively, the melting heat and 
the sublimation heat of the alloy under condensation 
conditions, Cm is the metallic composition and C~ the 
ith element composition. 

Fig. 10a (plane z = 0 in Fig. 10c) represents the 
phase formation diagram of the pure semiconductor; 
Fig. 10b (the plane z = 1.0 in Fig. 10c) is the phase 
formation diagram of the pure metal; the surfaces if' 
and cc' in Fig. 10c are the melting and solidification 
curved surfaces, respectively. Assume rl is the radius of 
the smallest atomic cluster when the difference be- 
tween the liquid state and the crystalline state can just 
be detected, rm is the radius of the atomic cluster when 
the melting just continues on the surface of the sub- 
strate, then the surface XlX' 1 is the curved surface 
which satisfies the condition q = rm- Also assume T~ is 
the critical temperature at which the alloy system can 
form the amorphous state, then the surface XcXc' is the 
curved surface which satisfies the condition of 
amorphous phase formation. Based on the theoretical 
calculation of T~ [-25, 26] 

U(r) 
T~ = - R l n ( c z z v d 2  ) (10) 

where Zv is the collision frequency of the vapour atoms 
with the substrate, d is the equilibrious atomic dis- 
tance, U(r) is the relaxative activation energy of the 
atomic cluster which has the radius r, R is the 
gas constant, c 2 is another constant. Because the 
different kinds of atom can accelerate the atomic 
diffusion in the alloy system, U(r) and T~ decrease with 
increase of C~4o in the Ge metallic films in the same 
way. 
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5.2. The second type of phase diagram 
for binary thin films - the phase transition 
diagram 

When the alloy films deposited at room temperature 
are annealed in vacuum, the phase composition in the 
film varies with annealing temperature, Ta, and the 
a-c  transition could take place if the annealing tem- 
perature, T,, is high enough. This is a non-equilibrium 
problem. Although the T, curves can be marked in the 
Ge-metal  equilibrium phase diagram (Fig. 6), it is 
insufficient for describing the structural character of 
the phase composition for thin films. In order to 
describe the character of the phase transition of thin 
films in vacuum annealing, a second type of phase 
diagram for thin films is introduced, that is, the three- 
dimension phase transition diagram. The main factors 
which influence the phase transition character are as 
follows: (1) the deposition temperature, which deter- 
mines the energy situation of deposited films; (2) the 
annealing temperature, which determines the energy 
variation of the deposited films; and (3) the metallic 
concentration CMe. Fig. 12 shows the three-dimension 
phase diagram, the three coordinate axes of the dia- 
gram being the relative vapour temperature, Tvr ( o r  

the relative substrate temperature Ter , x-axis), the 
relative annealing temperature, Tar (y-axis), and the 
atomic composition, Cm, (z-axis). The definition of the 
Tar is 

~a 
Tar = ( l l )  

Lu 
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Figure 11 The horizontal section of the phase formation diagram 
for Ge metal alloy film under vacuum deposition. 

Figure 12 The second type of phase diagram of a thin film. ( ) 
a -c  (or m-c) transition, ( - - - )  a -c  transition, ( .--) s 1 transition. 

1721 



1.4 

12 

1.0 

0.8 

0.6 

X I I I 

X 
X "\ 

\ 

I I I I 

02 O.4 0,6 0.8 
CAu lot 100~ 

1.0 

0.8 

0.6 

0.4 

0.4 
0 1.0 0 

Ge AU Ge 
(Q} (b) 

I i 

\ 

I I I I 

0.Z 0.4 0.6 0.8 1.0 
CAu (or 100 %1 Au 

Figure 13 The phase diagram for vacuum annealed Ge-meta l  alloy films. (a) Ge-Au,  (b) Ge-Ag.  ( 
transition, ( - - . - - )  s-I transition. 
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where Teu is the eutectic temperature of the amorph- 
ous semiconductor-metal system. The definitions of 
Tvr (or T~r) and Cmr are shown in Equations 8 and 9. 
The surfaces aa', bb' and cc' in Fig. 12 are the a-c 
transition, amorphous phase-metastable phase tran- 
sition and crystalline phase-liquid phase transition 
curved surfaces, respectively. The horizontal plane at 
Tar = 0 in Fig. 12 is the same as the vertical plane at 
Ter = constant in Fig. 10. 

Fig. 13a and b are the two-dimensional cross-sec- 
tions of this kind of phase diagram for Ge-Au and 
Ge-Ag thin films (schematic representation); these 
cross-sections are the T~-C~e diagrams. It can be seen 
from Fig. 13 that the a-c transition curves have 
almost the same shape for the Ge-Au and Ge-Ag 
systems. When the metallic content is higher, the 
values of Tar for the a-c transition are near 0.5 for the 
two systems. The dashed curves in the diagrams indi- 
cate the metastable phase transition. It is slightly 
lower than that of the a-c transition. When the an- 
nealing temperature is high enough, the alloy film 
could melt. The melting line could fall with the in- 
creasing metallic content. If we change the deposition 
temperature by changing the deposition voltage, it is 
found that the higher the deposition temperature of 
the alloy films, the lower the crystallization temper- 
ature, To, of a-Ge in the alloy films [50]. We also 
changed the substrate temperature, T~, and found that 
if the film is deposited on a hot NaC1 monocrystalline 
substrate (T~ = 200 ~ the value of T~ decreases [50]. 
If we want to describe this situation, the three coordin- 
ate axes can be selected as Te~-T,~-Cm~. It is indicated 
that a-Ge is in a more unstable situation for the higher 
deposition temperature and higher substrate temper- 
ature, the crystallization barrier for the Ge-metal 
system decreases, so T~ also decreases. 

6. Comparison of Tc of binary f i lms 
w i t h  bi layer f i lms 

Semiconductor-metal bilayer films also have many 
applications in the field of electrical devices. The 
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crystallization properties for this kind of film (Ge-Au 
and Ge-Ag bilayer films) have also been studied by us 
[25, 26, 50]. From the Ge-Au and Ge-Ag equilibrium 
phase diagrams which are represented in Fig. 6 it is 
known that the Tc of the a-Ge/p-Au film (100~ 
373 K) is almost equal to that of the Ge-(10-15 at %) 
Au film, and Tr of the a-Ge/p-Ag film (280 ~ 553 K) 
is almost equal to that of the Ge 18 at% Ag film. 
When the metallic content in the amorphous alloy 
film is lower than the critical value mentioned above, 
Tc is higher than that of the bilayer film; otherwise, 
when CMe is higher than the critical value, T~ is lower 
than that of the bitayer film. It must be recognised for 
the correct explanation of this phenomenon, that there 
are different crystallization mechanisms for these two 
kinds of film. 

It has been pointed out that [25, 26, 50]: (1) the 
grain-boundary triple points in the polycrystalline 
metallic film are favourable nucleation positions for 
a-Ge crystallization in the a-Ge/p-Au films; (2) the 
local regional rapid crystallization for the a-Ge takes 
place in the aggregation regions during the annealing 
process, the favourable crystallization regions in the 
a-Ge/p-Au films are related to the voids of the an- 
nealed p-Au films. Because of these two reasons, the Tc 
of the a-Ge in the a-Ge/metallic bilayer film drops to a 
value which is much lower than that of the pure a-Ge 
film. If the a-Ge crystallization barrier decreases and 
the activation energy of crystallization increases, the 
crystallization temperature, T c, decreases. The experi- 
mental results for a-Ge alloy films have shown that 
when metallic content, CMe, in the amorphous alloy 
films is lower, the accelerated action is smaller than 
that caused by the decrease of the critical nucleation 
work caused by the grain-boundary triple points in 
the bilayer films; but when the metallic content is 
higher, on the one hand the decrease of the crystalliza- 
tion barrier and the increase of the crystallization 
activation energy are more obvious, but on the other 
hand the metallic grains, which are introduced during 
the deposition process, can provide many grain- 
boundary triple points, their promoted action for the 



c-Ge nucleation and growth also has an important 
influence on the a-Ge crystallization, so that T~ for the 
binary alloy film is lower than that of the bilayer film. 

7. Conclusions 
From the systematic TEM observations and SAD 
analyses for the Ge-Au and Ge-Ag co-deposited films 
in vacuum at room temperature, and their annealed 
films, the following conclusions can be drawn. 

1. For the semiconductor-metal deposited films, 
the structure is determined by the metallic content: 
when the metallic content is smaller than a certain 
value, C . . . .  the film may be amorphous; otherwise the 
film is crystalline. A new formula for Cmax is derived. 

2. The annealed crystallization temperature, To, de- 
creases with increasing CMe, when Cau>15 at% or 
Cgg> 18 at %, T c is lower than that for a-Ge/poly- 
crystalline metal bilayer films. 

3. In the gold-rich alloy films before a-Ge crystal- 
lization, the metastable alloy phase resolves first, the 
crystallized film being composed of the c-Ge and c-Au 
phases. For the Ge-Ag alloy films, the situation is 
more complex. In the Ag-rich alloy film, as Ta in- 
creases, the Ag Ge metastable phase forms first, then 
this phase dissolves and a-Ge crystallizes in the alloy 
film. 

4. The variation of crystallization barrier and the 
activation energy of crystallization determine the vari- 
ation of To with the metallic contents, CMe. The activa- 
tion energy, Ea, of crystallization for Ge Au and 
Ge-Ag films can be obtained from the data of To by 
TEM observations and SAD analyses. E a = E~ 
( -  18.66C2u + 16.83CAu + 1) 4- 3.3 (kcalmo1-1) for 
Ge-Au films; Ea = E~ 2.754C2g + 3.815C,g + 1) 
4- 2.6 (kcal tool- l )  for Ge-Ag films. 

5. The first type of three-dimensional phase dia- 
gram for phase formation is introduced for binary 
alloy films in order to determine the phase constitu- 
tion; this diagram has three axes representing the three 
principal factors influencing phase formation: thermo- 
dynamic, dynamic, and composition factors. 

6. A second type of three-dimensional phase dia- 
gram for describing the phase transition is also pro- 
posed. Using this kind of phase diagram the a c 
transition and the transition from a metastable phase 
to a stable crystalline phase can be investigated in 
detail. 
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