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Coevaporated amorphous Ge t xMOx fihns (0.07 < x < 0.32) were investigated by 
means of electron microscopy, electron and X-ray diffraction and electrical measurements. 
Inhomogeneity in the Mo concentration has been found only in the samp]es of high metal 
content. 

Mo canses drastic changes in the ED and XRD patterns of a-Ge. The experimental 
interference functions for x < 0.22 are well matched by those calculated on the basis of a 
structural model f o r a  relaxed a-Ge random network in which the M9 atoms fill part  of the 
empty spaee. 

In the range 80 470 K both samples with x ~ 0.07 and 0.16 display activation energies 
zlE 6 times less than those of a-Ge and close to k B T, which is indicative of hopping on high 
density localized states. Below 80 K for the samples of high Mo content 3E becomes very 
small suggesting the presence of metallie regions, which dominate conduction at low T. 

Introduction 

C e r m e t s ,  c o n s i s t i n g  o f  a m e t a l  d i s p e r s e d  on  a t o m i c  scale  i n t o  a d i e l ec t r i c  

m a t r i x ,  r e p r e s e n t a  n e w  class  o f  m a t c r i a l s  of  t e c h n i c a l  i n t e r e s t ,  t h e i r  p h y s i c a l  

p r o p e r t i e s  b e i n g  s t i l l  h a r d l y  u n d e r s t o o d .  C e r m e t s  a re  s t a b l e  m a t e r i a l s  w i t h  con-  

t r o l l a b l e  e l e c t r i c a l  r e s i s t i v i t y  ~ a n d  s m a l l  t h e r m a l  coes  o f  t h e  e l e c t r i c a l  

r e s i s t a n e e  T C R  ( :~  5.10 -~ K - l ) .  T h e y  a re  good  c a n d i d a t e s  for  p a s s i v e  r e s i s t o r s  

w i t h  s m a l l  T C R  in m i c r o e l e c t r o n i c s .  Also ,  c c r m e t s  w i t h  o p t i m i z e d  p ro f i l e s  of  

t h e  m e t a l  c o n c e n t r a t i o n  a re  m u c h  e x p l o r e d  n o w a d a y s  as a b s o r b e r s  for  so l a r  

cells.  Ce rme t s  a re  u s u a l l y  o b t a i n e d  as t h i n  f i lms ,  b y  c o - d e p o s i t i o n  o f  t h e  com-  

p o n e n t s .  
The  s y s t e m  i n v e s t i g a t e d  in t h e  p r e s e n t  w o r k  r e p r e s e n t s  an  a l t e r a t i o n  of  

a m o r p h o u s  Ge,  w h i c h  fs a r e fe rence  m a t e r i a l  in  t h e  p h y s i c s  o f  a m o r p h o u s  

s e r n i c o n d u c t o r s ,  b y  i n t r o d u c i n g  a m e t a l ,  t h e r e b y  m o d i f y i n g  i ts  e l ec t r i ca l  

p r o p e r t i e s  a n d  i t s  s t r u c t u r e .  Thus ,  b y  I o w e r i n g  t h e  e l e c t r i c a l  r e s i s t i v i t y  t h e  

r a n g e  o f  c o n d u c t i o n  m e a s u r e m e n t s  can  be  e x t e r M e d  be low 10 K.  Also ,  t h e  

r e l a t i v e l y  h igh  D e b y e  t e m p e r a t u r e  o f  Mo (360 K)  sugges t s  a s low d i f fus ion  

o f  Mo in Ge, w i t h o u t  f o r m a t i o n  o f  m e t a l l i c  Mo i s l ands .  A t  h i g h e r  Mo concen -  

t r a t i o n s  a s u p e r c o n d u c t i n g  b e h a v i o u r  is e x p e c t e d ,  Mo h a v i n g  a c r i t i c a l  t e m p e -  

r a t u r e  T c of  0.98 K,  whi le  Ge shows  no  s u p e r c o n d u c t i v i t y  a t  n o r m a l  p r e s su re .  
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Preparation 

G%_ xMox films with 0.07 < x < 0.32 were obtained by coevaporation from 
two independently controlled sources, under a residual pressure of 1.10 -4 Pa. 
Mo was evaporated from ah eleetron gun while Ge from a W filament. The 
deposition rate was controlled by means of a calibrated photodiode. The 
composition parameter x was varied by changing the deposition rate of Mo. 
The films were deposited on fused silica substrates maintained at room tempera- 
ture, on which Mo electrodes in planar configuration had been deposited. 
The deposition rate was 6--11 nm/min. Samples for electrical conduction, 
thermopower and piezoresistance measurements (thickness 80--100 mm), 
for electron microscopy and diffraction (thickness 30--80 mm) as well as for 
X-ray diffraction (thickness 0.25--0.6 #m) were deposited at the same time. 

Electron microscopy 

Electron micrographs of the samples Mo concentrations x < 0.16 show 
a microstructure very similar to that  of pure amorphous Ge (Fig. 1) [1]. 
This means that  a quasi-periodic density f luctuation is present in the films 
which causes a weak phase contrast on the micrographs. The mean period 
length is 10--15 mm without any remarkable change with composition. The 
amplitude of these fluctuations, however, becomes higher with increasing Mo 
content. Ir can be supposed that  in the samples x > 0.22 fluctuations occur 
not only in density but  also in concentration. Probably Mo-rich regions 
are formed without any crystalline Mo precipitation, and pointing to increas- 
ing separation tendency of two different amorphous phases with increasing 
metal content. 

Electrical properties 

Electrical resistance measurements in the wide temperature range 1,9-- 
760 K showed a semiconducting behaviour (TCR < 0) for x <  0.16. The 
electrical properties were described by the variation of the activation energy 
AE with temperature T. The activation energies were calculated from the 
o(T) data and from the S(T) (thermopower) data by a numerical differentia- 
t ion program. 

The samples with x ~-- 0.07 and 0 .16 show activation energies of the con- 
duction AEr smaller by a factor of ~--- 6 as compared to ah evaporated a-Ge 
sample (Fig. 2). For T > 80 K AE~ is practicaUy equal to kBT (k~ is the Boltz- 
mann constant) which is indicative of a hopping conduction mechanism on 
high density localized states [2]. These states should be at t r ibuted to Mo 
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dispersed on ah a tomie  scale in the  a Ge m a t r i x  which seems to  be a charac te r -  
istie fea ture  of  the  cermets  [3]. 

The Mo concen t ra t ion  determines  the  AE~ values for T < 80 K .  For  
x = 0.07, zJE~ is a lmos t  coincident  wi th  kBT while wi th  increasing x AE~ 

C1 

b 

d 

Fig. 1. Elee t ron  m i c r o g r a p h s  of  t he  Get -xMox samples .  Lef t :  focussed .  R i g h t :  100 n m  unde r~  
foeussed ,  a) s = 0,07; b) x = 0,16; c) x = 0,22; d) x = 0,32 
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Fig. 2. Activation energy of electrical conduction. Full line: log k B T 

decreases below k B T  (Fig. 2). This fact  could be explained b y  the fo rmat ion  
of  " f i l amen t s "  wi th  metal l ic- type condue t iv i ty  for x ~ 0.16 whieh take  over  
the  electrical t r anspor t  at  low T. These " f i l amen t s "  must  be re la ted to the  
Mo-rich zones observed by  electron microscopy for x > 0,16. 

The sample wi th  x = 0.32 shows a superconduct ing  t rans i t ion  at  T n = 

= 2.9 K, which agrees with its metal l ic- type conduct ion  at  v e ry  low T (TCR 
N 2 "10 -3 K -1 be tween 3 and 6 K). Piezoresistance measurements  also show 
the  metallic charac ter  of the conduct ion increasing with x. 

The EJE s t he rmopower  ac t iva t ion  energies ate sys temat ica l ly  lower t h a n  
AE~. This fact  is eharacter is t ic  for other  cermets  too [4] and suggests different  
mobilites for electrons and holes in the hopping conduct ion.  

Structure 

Coevapora ted  Gel_~Mo x alloys (0 < x ~ 0.32) have been found to  
have  ah amorphous  s t ruc ture  bo th  by  electron and X - r ay  diffract ion.  A ehar- 
acterist ic change in the  electron diffract ion pa t te rns  of the samples wi th  
increasing Mo-content  are shown in Fig. 3. The  t rends of  these changes are ve ry  
similar to those observed by  NOWAK et al [5] in amorphous  Ge- -nob le  metal  
alloys and suggest changes in the short  range order  towards  metallic coordi- 
na t ion  of  atoms. For  a more exact  s tudy  the  diffracted electron in tens i ty  was 
recorded direct ly and the  interference funct ion 

F ( k )  : k �9 I ( k )  - -  <f2> , k = 4~r sin_____~_~ 

<f>~ z 

has been ealculated.  Exper imen ta l  F ( k )  funct ions are compared  wi th  those 
calculated from a model  in Fig. 4. 
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Fig. 3. Densitometric traces of e]ectron diffraetion patterns of Gel _xMOx films 
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Fig. 4. Reduced interference functions F(k) experimental and model calculated 

Structural  model for the Gel_ x Mo x system 

The strueture of a-Ge is correetly represented by  spatial  models based 
upon local satisfaction of hybr id  sp a bonds [6, 7]. These models satisfaetorily 
aecount  for the  experimental  atomic radial  distr ibution (RDF)  and for the 
dis in tens i ty  distribution. 
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A closer examina t ion  of such a model  reveals much free space. On the 
basis of the  a-Ge dens i ty  ( ~~- 4.92 g .cm -3) and covalent  radius of Ge a tom 
(0.122 nm) this free space can be calculated to comprise abou t  70% of the 
to t a l  volume.  A f rac t ion  of it  ( ~  18%) is concen t ra ted  in zones large enough 
to  accommodate  a Mo a tom (metallic radius 0.139 nm). The filling of the 
large zones corresponds to an atomic concent ra t ion  of Mo x ~ 0.22. This 
value  is r emarkab ly  close to the threshold  concent ra t ion  x = 0.16--0.22 at 
which marked  changes in the diffract ion pa t t e rn  occur. Threshold concentra-  
t ions a round 0.20 were also noticed in the  systems a-Ge-Cu [5] and a-Si-Fe [8]. 

On the other  hand,  the Mo solubil i ty in crystall ine Ge is unmeasurab ly  
small [9] due pa r t ly  to the Mo being unable  to form sp 3 hybr id  bonds and to 
en ter  subs t i tu t ional ly  into the Ge lat t ice.  In  a ra ther  crude image we can as- 
sume t h a t  during the  co-deposit ion the a-Ge ne twork  develops preferent ial ly ,  
enclosing the Mo atoms.  

On the basis of  the above arguments  the modelling of the a-Ge-Mo 
sys tem has been s t a r t ed  by  placing the Mo atoms in the large free zones of  a 
155-atoms a-Ge model  [6]. In  this way  one can accommodate  up to 22o/0 Mo 
atoms wi thout  Mo-Mo repulsive contacts .  

The Mo atoms were init ially placed as being t angen t  to 3 of the Ge 
a toms bordering a large free zone. On the other  hand,  this posit ioning does 
no t  correspond to the  m a x i m u m  in terac t ion  between Mo and Ge. We assumed 
for this in teract ion a Lennard - Jones - type  potent ia l  

Vo M = / { - x 2  _ AR-6,  

where  R is the in te ra tomic  distance, A ~ 2R~~ and RoM is the equil ibrium 
distance between Ge and Mo (0.261 nm).  The Mo positions were submi t ted  
to  a minimizat ion p rogram for the bond energy which yielded the energeti- 
cally most  favourable  Mo positions. 

The atomic pairs distr ibutions were obta ined up to Rma x ~ 2 nm from 
the  coordinates of  the  Ge and Mo atoms (Fig. 5). The f i rs t -order  distances 
Mo- - Ge  range between 0.2 and 0.7 nm with a s trong m a x i m u m  at 0.261 nm 
(sum of the covalent  Ge radius and of the  metallic Mo radius).  The distribu- 
tion of Mo- -Ge  distance shows re la t ively  sharp peaks at 0.495 and 0.630 nm 
too.  The dis t r ibut ion of Mo Mo distances displays broad max ima  centred 
upon 0.49 and 0.75 n m  which are character is t ic  for the topology of the " f ree  
space ne twork"  complemen ta ry  to the ne twork  of the Ge atoms.  

On the basis of  the pairs distr ibutions Ge- -Ge ,  Ge Mo and Mo--Mo the 
to ta l  interference funct ion  of the model F(k) was computed .  The pairs distri- 
but ions were previously corrected for the l imited size of the model  and damped  
b y  a Debye-Wal le r - type  factor  in order  to reduce the cut -off  errors. These 
model  interference funct ion were computed  for different x ranging between 
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Fig. 5. Model pair density distribution (Ge-network not relaxed) 

0.07 and 0.22 and checked against the exper imenta l  ones as de termined  from 
electron diffraction [1]. They  account  for the main changes brought  about  
in the  F(k) of a-Ge by  increasing the  Mo concentra t ion (Fig. 4). For  example  
the first  ma x imum at k = 19,5 nm -1 becomes a broad shoulder for x = 0.22. 
This blurring is due to the smaller concent ra t ion  of G e - -G e  pairs bu t  also to 
max ima  due to the Mo- -Mo pairs (at k -= 9.5 and 16.2 nm - i )  and Ge- -Mo 
pairs at k = 15 nm-1) .  This cha~ge in the diffracted in tens i ty  dis tr ibut ion 
is similar to and of  the .~ame order of magni tude  as tha t  not iced in the a-Ge- 
Au, Cu [5], a-Ge-l~e [10] and a -S i - -Fe  [8] systems suggesting the similari ty 
of these st~uctures. Characterist ic changes show up wi th  increasing x also in 
the regions k = 66 and 82 nm -1 in agreement  with the exper imenta l  F(k)'s.  

This s t ruc tura l  model for the a-Ge-Mo system is a ra the r  crude descrip- 
t ion of the process of ne twork  format ion  during the codeposit ion process. 
A be t t e r  picture  will be obta ined by  a general re laxat ion  comput ing  procedure  
including all the in teract ions  between the present  atoms.  This procedure  
takes  into account  the bond s t re tching and bond-]3~nding potent ia ls  of the 
G e - - G e  bonds  as well as a Lennard-Jones  potent ia l  for the Ge- -Mo bonds.  
] t  minimizes the  corresponding dis tor t ion energies ES, E B and ELj re la ted to 
the distort ion of the  bond lengths and angles f rem their  ~quilibrium values. 

Pre l iminary  results of this re laxat ion  ~how tha t  the Ge- -Mo interae-  
tions dis tor t  r a the r  heavi ly  the G e - - G e  distances, the~eby increasing E s 
while E B is less enhanced.  The effect on the computed  F(k) is a shift in the 
peak at k = 34 nm -1 towards smaller k improving  the  agreement  with the 
exper iment  in this region. 
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It  is worth mentioning that  the two constants which enter the Lennard- 
Jones potential are related to the equilibrium length of the Mo--Ge bond and 
to its relative strength, respectively. A correet assessment of these constants 
by  ah optimal fit t ing of the experimental F(k)'s will gire a new and quite 
important insight into the nature of the metal-semiconductor bond in cermets. 
This problem is related to the total density and to the energy distribution of 
the localized levels in the energy gap. 

The above described model should be generally valid for all amorphous 
tetrahedral semiconductor--metal systems with low metal solubility, provided 
an adjustment of the interaction parameters is made. 
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