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Abstract: The dissociative mechanism of copper diffusion in germanium is studied. The rates of all processes tak.ing place in diffusion are estimated. It is concluded that the diffusion of the copper atoms depends essentially on the diffusion of vacancies in the temperature region 650 - 750 °C if the thickness of the sample is about 1 -mm and dislocation density below 1()3 cm-2• Using the sheet conductance and p - n junction methods, it is indicated experimentally that the copper atoms diffuse in gennanium from all boundary surfaces, regardless of the exact location of _ copper before diffusion. This confirms directly the dissociative mechanism of copper diffusion in germanium. The diffusion coefficient of copper in the above temperature range is measured as a function of temperature. 

1. Introduction

To explain many contradictory facts for the diffusion of copper in germa 
nium the di,ssociative mechanism is assumed1l .  For example, the acceptor 
activiity of copper in germanium2> shows that it occupies the substitutional 
sites in the germanium crystal lattice. However, this is in d.isagreement with 
the observed values for the diffusion coefficient of about 2 · 10-5 cm2/s at
800 °C3 , 4> and also wtth the drift of coipper in the form of positive ions5>.
Therefore, :Lt is su,pposed that the copper atoms occupy substitutional and 
interstitial positions in the crystal lattice of gemianium. The oo.pper atoms 
diffuse interstitially and form ,the substitutional atoms by going over mto 
the vacant lattice sites 1> .  Using this assumption many e:Xperimental results 
have been expla:i.ned6, 1, s, s, 10) .  

The pu11pose of this paper is to confirm clirectly a dissociative mechanism 
for the copper diffusion in germaruum. 
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2. On the dissociative mechanism

Processes taking place during the diffusion of co.pper by dissociative mechanism are as folows: cliffusion of the interstitial I copper atoms, dif:usion of vacancies V from boundary surfaces, generation of vacancies by their di:ffusion away from dislocations, and, finally the dissociation process S �. I + V. Let us calcwlate the rates for ·these iprocesses assuming that they are mutually independent. If copper was deposited before the diffusion on both sides of the sample of the thickness d, an average concentration of the i:nterstitial copper atome; after the time interval t is given by3>: 
N, (t) = N.- [1 - exp ( - :, 

) l ( 1 )  

The time constant necessary· to build up interstitial copper atoms is given by: 
't'1 = -- , �D, (2) 

where D1 denotes the diffusion coefficient of the interstitial copper atoms. ln a similar way, the time constant necessary to build up vacancies by their diffusion from boundary surfaces i.s giiven by: 
d2 

't'p = --
� D  .. 

(3) 

where D„ denotes the diffusion coefficient of vacancies. The time constant necessary to build up ,vacancies by their diffusion away from dislocations is gi,ven by: 1 
't'4 = ---

(3 ND Dv 
(4) 

where ND denotes the dislocation density, and (3 is a function of the cU.slocation density9> .  Finally, the time oonstant for the dissociation process S � I + V, 't'., is the time defining the existence of a copper atom in a substitutionai position. The time constants vs. reciprocal temperature for the diffusion of copper in germanium are shown dn Fig. 1. The sample ,thickness d and the dislocation density ND are taken as parameters. Frorn the published data we used the following magnitudes: the diffusion coefficient of interstitial copper determined by Hall and Racettee> ; the diffusion coefficien.t of vacancies determi-
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ned by Hiraki7> and the time constant "t', determined by Tweet 10>. Let us t:aike into consideration the following cond.itions: the temperature region 600 -800 °c; sample thkkness about 1 mm, and d.islocation density below 103/cm2• If these cond1tions are fulfilled, the "t', » -rp » "'=; » "t',. 

0.8 1.0 1.2 
10/ T (°K .... ) 

u Fig. 1. Plot of time constants -t,, "tF, "t'J and "t', for copper cliffusion in germanium as a function of 1/T. 

Since the dissociation process is considerably faster than aU the others, a local equilibrium of concentration will emt, which can be expressed by: 
N.. N. 

-- = --- (5) 

where N., N, and Nv are concentrations of substitutional and in,terstitial oopper atQms and vacancies, respecti:vely and N.0
, N,0 and N„0 are the cor.responding solubiUties at the diffusion temperature. Since the interstitial diffusion of copper is considerably faster than diffu-,sion of vacancies (-t, « "t'p) ,it can be supposed that N, = N,0, and thatvacancies are formed mainly by the di,ffusion from the boundary ,surfaces ("tp « "tJ) .  
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It can be concluded that distribution of concentration of the substitutional 
atoms will follow distribution of concentration of vacancies. Therefore, ,the 
build up of substitutional copper atoms will be equivalent to the diffusion 
process with an effective diffusion coefficientl l ) :  

D.li = D,, ---- (6) 

If before the diffusion copper is deposited on one side of the sample 
then the same distribution of concentration of the substitutional copper 
atoms from both sides of the sample can be expected. In case of diffusion 
from the constant surface source, this distribution can be expressed by 1 1 > :

N, = N,0 erfc [ X ] *.
2 (Deu · t) '/t 

( 7) 

If the relation D„ N„0 = DGc NL is used3> (where DGc is a coefficient of the

_germanium self-cliffusion16> and NL concentration of crystal lattice sites ) ,
then D„fr i s  given by: 

Nt 
D.u = Do� · --

N," 

3. Experimental

( 8) 

Germanium single-crystals of n-tipe with specific resistivity of S - 8 n · cm. 
and dislocation density of 2000/cm2 were used. The ge�manium sam.ples were 
of rectangular shape with dimensions 20 · 8 · 1 mm. After mechanical polishing 
and etching in CP-4A solution, to clean up the surface from copper the 
samples were washed in the solution of KCN12> .

The diffusion process was performed in the apparatus shown in Fig. 2 

The ends of the germani,um sample enter the rectangular holes on tantalum 
electrodes, so that the sample was in contact only with tantalum. It is a 
measure to protect the sample against contamination during the diffusion 
process. The sample was directly heated by the alternating current in 

2 y '!' erfc (y) = 1 - --J exp (- z2) dz
7r.l/2 

o 
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vaccuum of the order of 10-6 mm Hg. At the temperature 500 °C oo.pper was deposited on the low side of the sample by evaporation and then temperature was suddenly increased to the diffusion temperature. Diffusion was perfor-

liquid 
n,trogen 

mask 

Fig. 2. Apparatus for diffusion.
med in the temperature region 650 - 800 °C for S to 20 minutes. The quenching of sample was đone by disconnecting the power supply and by introducing pure helium into ithe diffusion chamber. The initial cooling rate of 100 - 200 °C/s was obtained. After the diffusion process the sample was taiken out of the chamber and the distribution of concentration of cop:per atoms was determtned. The method of successive removal of thin layers with measuring the electric conductlvity at room temperature after each removal of the layer was applied3, 13>. The electric conductiivity was measured using the four points probes method14>. The two magnitudes from the distribution of concentration of copper atoms were determined: solubility and d.iffusion coeficcient of copper in germani-um. The diffusion coefficient was also determined using the p - n junction method3, •3>.Before the cliffusion process the sample was heated at the diffusion temperature without depositing copper. The equilibrium concentratiion of ther-
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mađ. acceptor v. s. diffusion temperature was determin�d from the changes of sample specific resistiv.i,ty before and after heati.ng. 
4. Results and discussion

The experimental results confirmed our assumptions and indicated some new problems. The distrihutions of concentration of copper atoms on semi-erfc paper are given in Fig. 3. As can be observed, the symmetrical distributions are obtained if the copper was deposited on]y on one side of the sample. The copper atoms diffused symmetrically as also established by measuring the depth of p - n junction. 
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Fig. 3. Semierfc plots of the distribution of copper atoms after .diffusion. Before 
diffusion copper was deposited only on the left side of the germanium sample. 

The question is imposed whether copper could appear on the side of the sample where it was not ·deposited. Frank and Turnbull rejected the possibility of transport along dislocations, because the diffusion coefficient should have an· unexpected value1>. Also, the possibility of transport via surfaces should be .refuse the unexpected value of surface diffusion coefficient. In this way we undoubtedly confirmed that copper diff.uses in germanium by dissociati�e .mechanism. On the other hand, it is evident from the shapes of N(x)/N(O) curves that the distribution of concentration is given by the erfc function so that Eq� (7) is confirmed. 
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To determine the diffusion coefficient the slope of distribution curves and 
the p - n junction depth are used. The obtained results are represented in 
Fig. 4. and compared with the diffusion coefficient D.,,, according to Eq. ( 8 ) .  

Since Eq. (8 )  i s  a direct consequence of the dissooiative mechanism, a 
satisfactory agreement of experimental results with theory represent one 
more confirmation of applicability of the dissociative mechani�m to diffusion 
of copper in germanium. 

Vba-------1------+----�-

1.0 1. 1
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Fig. 4. Diffusion coefficient of copper in germanium as a function of 1/T. 

The eXJJ)erimental values of copper solubility in germamum and the vacancy 
solubirlity with the corresponding literature values of Fulferts, 16, 11, 18) and
Hiraki7> were compared iin Fig. 5. 

It can be observed that our solubility values of vacancies are greater than 
those of Hiraki. The reason for this disagreement probably results from the 
clifferences in thermal treatment19>. 

Our results show that at room temperature only substitutional atoms of 
copper can be detected. The experiments in which the diffusion was đone for 
a short time in order to »freeze in« only interstitial oopper atoms in germa-
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nium gave negative results. We suppose that this is either the result of the 
neutrality of interstitial copper atoms or their very fast annealing. 

q»�L..-___ __._ ____ ..,_ ___ _ 
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1.2 

Fig. S. Plot of solubility for copper and vacancies in germanium. 
O Copper 
e Vacancies 

5. Conclusion

The assumption of the dissociative mechanism of copper diffosion in ger
maruum is confirmed in two ways: 

1 .  The diffusion coefficient of copper in germanium ( the sample thick
ness · about 1 mm, the dislocation density about 103/cm2) in the temperature 
range 650 - 750 °C is determined. The direct dependence of this coefficie:11t 
from the diffusion coefficient of vacancies ds established according to Eq. (6) .  

2 . The symmetrical distri:bution of copper concentration after the diffusion
at a given temperature is obtained, independently of where copper before •the 
diffusion was deposited. This form of the distribution represents an original
and direct confirmation of the reaction Cu, z Cu, + V, i. e. the dissociative
mechanism of copper diffusion in germanium. 
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DISOCIJATIVNI MEHANIZAM DIFUZIJE BAKRA 
U GERMANIJUMU 

V. V. SPIRlć i A. DAMJANOVIć
Institut »Boris Kidrič«, Beograd

S a d r ž a j
Analiiziran je disocijativni mehanizam difuzije bakra u germanijumu. Ocenjene su vrednosti brzina svih procesa ,koji se dešavaju pri difuziji ovim mehan.iizmom. Data je zavisnost brzina svih procesa od temperature difuzije, debljine uzoraka u kojima se vrši difuzija i od gustine dislokacija. Utvrđeno je da postoji određena temperaturna oblast u kojoj difuzija bakra direktno zavisi od difuzije vakansija. Zaključeno je da se kod ovalkve difuzije sup.stitucioni atomi bakra moraju ,ugrađivati u kristalnu rešetku na granicama svih površina germanijuma bez obzira gdje je primesa bakra pre difuzije nanesena. 
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Korišćenjem metode skidanja tankih slojeva i merenjem električne provodnosti, eksperimentalno je dok�ana simetrična raapodela atoma bakra u germanijumu posle difuzije iako je bakar nanesen samo na jednu površinu germanijuma. Za difuziju bakra u germanijumu disocijatirvni mehanizam je time na originalan način potvrđen. Određen je i koeficijent difuzije bakra u temperaturnom opsegu 650 - 750 °C. 
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