
Copper electromigration in polycrystalline copper sulfide
Leslie H. Allen and Ephraim Buhks 
 
Citation: Journal of Applied Physics 56, 327 (1984); doi: 10.1063/1.333967 
View online: http://dx.doi.org/10.1063/1.333967 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/56/2?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Electromigration Reliability of Advanced Interconnects 
AIP Conf. Proc. 945, 27 (2007); 10.1063/1.2815782 
 
Dependence of the electromigration flux on the crystallographic orientations of different grains in polycrystalline
copper interconnects 
Appl. Phys. Lett. 90, 241913 (2007); 10.1063/1.2742285 
 
Thermal and Electromigration‐Induced Strains in Polycrystalline Films and Conductor Lines: X‐ray Microbeam
Measurements and Analysis 
AIP Conf. Proc. 817, 303 (2006); 10.1063/1.2173563 
 
Electromigration in the nineties 
AIP Conf. Proc. 612, 3 (2002); 10.1063/1.1469887 
 
Electromigration threshold in copper interconnects 
Appl. Phys. Lett. 78, 3598 (2001); 10.1063/1.1371251 
 
 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  128.174.248.18 On: Fri, 14 Oct 2016

15:08:58

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1128234346/x01/AIP-PT/Goodfellow_JAPArticleDL_101216/Goodfellow_0916.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Leslie+H.+Allen&option1=author
http://scitation.aip.org/search?value1=Ephraim+Buhks&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.333967
http://scitation.aip.org/content/aip/journal/jap/56/2?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.2815782?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/90/24/10.1063/1.2742285?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/90/24/10.1063/1.2742285?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.2173563?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.2173563?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1469887?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/78/23/10.1063/1.1371251?ver=pdfcov


Copper eiectromigration in polycrystalUne copper sulfide 
Leslie H. Allen 
McDonnell Douglas Corporation, Microelectronic Center. St. Louis, Missouri 63166 

Ephraim Buhks 
Research and Development Center. B. F. Goodrich. Company. Brecksville. Ohio 44141 

(Received 31 October 1983; accepted for publication 22 February 1984) 

Measurements of the electrochemical potential distribution on polycrystalline Cu2-a S have been 
made. It was found that the basic transport mechanism for ionic conduction at temperatures 
between 25-70 ·C for single phase chalcocite can be modeled as a vacancy mechanism. The 
chemical diffusion coefficient of copper in coper sulfide depends on the stoichiometry of the 
material and exhibit Arrhenius-type activated temperature dependence with the activation 
energy Ea = 0.45 eV. 

I. INTRODUCTION 

The CdS/Cu2 _ a S solar cell is a candidate for large 
scale solar energy conversion. A main concern at this point 
in the development of the cell for commercial use is the long 
term stability of the device. One major stability problem of 
the Cu2 _ a S/Cds cell is related to Cu + ion migration in the 
Cu2 _ a S layer. I 

CU2 _ a S is generally known as an ionic conductor at 
temperatures exceeding 100 ·C. At room temperature the 
ionic conductivity2 decreases by a factor 10" (from 10- 1 

n -I cm- I at 105·C to 10-5 n -I cm- I at 15 .C)2 yet Cu+ 
migration can still affect cell performance when the device is 
used over extended periods of time. This paper is concerned 
with the transport properties of the Cu2 _ a S layer and par
ticularly the effects of lateral Cu + ion migration in the pres
ence of an electric field. 

The ionic conductivity in CU2 _ a S has been studied by 
many authors.2

-
9 In this paper we will discuss two possible 

models of ionic transport in 'high stoichiometric 
(a < 7 X 10-3

) polycrystalline copper sulfide at room tem
peratures and compare the theoretical predictions with ex
perimental results. This study includes measurements of the 
diffusion coefficient of the Cu + ion in Cuz _ a S and its depen
dence on stoichiometry and temperature. 

II. EXPERIMENTAL PROCEDURE 

The samples in this study were fabricated using the 
standard10 "wet dip" process where CU2 _ a S is epitaxially 
grown onto a thin film of CdS. The resulting thin film of 
CU2 _ a S is nominally 2000 A thick and is polycrystalline. 
The stoichiometry of the sample is increased by either plas
ma treatment II or heat treatments in an inert N z ambient. 
The stoichiometry is decreased by heat treatments in air at 
125 ·C. 

Two grids were applied to the Cu2 _ a S layer in an inter
digitated configuration (Fig. 1.) allowing for a two terminal 
connection. The grids (electronic electrodes) consisted of 
O.OOS-cm-diameter copper-based wire coated with a conduc
tive polymer. The pair of grids were 5 cm long and spaced 
approximately 0.05 cm apart. The voltage profile between 
the two electrodes was measured using a point probe assem
bly capable of positioning the probe within 0.0025 cm. The 

probe consisted of a thin 0.003-cm-diameter copper wire ta
pered to a point and electroplated with gold. 

Current is driven in the CU2 _ a S layer through the two 
grids. The leakage current which is shunted through the 
CdS-metal substrate path is less than 0.1 %. To minimize the 
shunt conductance the device is operated in the dark and one 
of the grids is shorted to the substrate as shown in Fig. 1. 

In the present scheme the current is kept constant while 
monitoring the time dependent voltage between the two 
grids. Similar results can be obtained by keeping the voltage 
constant. 

III. STEADY STATE 

A. Theory 

CU2 _ a S is a p-type compositional semiconductor 
where the value a determines the concentration of free carri-
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FIG. I. (al Setup for experimental study oflateral Cu+ e1ectromigration in 
Cuz _ "S/CdS solar cell. (h) Interdigitated grid system for the study of Cu + 
e1ectromigration in CUz _ " S. 
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ers CI' The stoichiometry of the compound can be easily 
changed by adjusting the concentration of copper within the 
sample. When an electric potential is applied across a uni
form sample, Cu + ions electromigrate toward the cathode. 
Subsequently the sample becomes nonuniform in composi
tion, having higher Cu concentration near the cathode and 
lower concentration near the anode. This results in an inho
mogeneous hole distribution between electrodes and an in
crease in voltage between electrodes. 

The basic theory of mixed conductors has been devel
oped by a number of authors. 12-14 The transport equation for 
CU2 _ a S, a mixed conductor, can be written in the general 
form for electronic and ionic carriers as follows 

I n = - (unIZn)Vf-ln' (1 ) 

where I n is current density, Un = eVn Cn IZn I is conductiv
ity, Vn is mobility, Cn is carrier concentration, Zne is the 
charge of the carrier and V f-ln is the gradient of electro
chemical potential. The last factor V f-ln can be divided into 
two parts, the gradient of the electrostatic potential L1<p and 
the gradient in the chemical potential V S n 

Vf-ln=ZnVcp+VSn. (2) 

The index n = 1,2 stands for the electronic and ionic carri
ers, respectively. The gradient of the chemical potential can 
be represented as 

VS. =A,,(kT le)V In(Cn ), (3) 

where An is a thermodynamic factor An = 1 + a lnrnl 
a InC" incorporating the activity coefficient r". In the dilute 
limit A" = 1 and the chemical diffusion coefficient is given 
by the Nemst-Einstein relation Dn = kTv.lelZn I. In the 
following derivations we consider a general case and show 
experimentally that the thermodynamic factors A" for the 
electronic-ionic transport in CU2 _ a S are close to unity as 
expected in the dilute limit of a -< 1. 

Equations (1) and (2) can be combined to give the gen
eral expression 

J I = (u/uT)Jr - (U l u2/uT)(Vs/ZI - VsZIZ2), (4) 

where U T = U I + U 2 and J T = J 1 + J2• 

Consider two models of ionic transport in Cuz _ a S. In 
the electrolyte model, all of the eu + ions (Zz = 1) in the 
crystal are involved in the transport process. The concentra
tion of ionic carriers C z is of the order of 1022 cm - 3 and 
therefore is almost independent of small changes in the com
position. In this case the chemical potential of the Cu + ions 
is independent of composition and thus VC2(x) is practically 
equal to zero. The transport equations can now be solved in 
terms of CI' This model was applied to single crystals 
Cuz _ a S at high temperatures. Z 

The vacancy model assumes that only the negatively 
ionized copper vacancies (Zz = - 1) are involved in the 
transport process. The transport equations can be solved as
suming that the ionized vacancy concentration C2 

(Z2 = - 1) is equal to the hole concentration C I (ZI = 1), 
due to the local charge neutrality condition. 

If constant current is maintained between two elec
trodes at a low value insufficient to electroplate copper at the 
cathode, then after a period of time the system comes to a 
stead.y state. The voltage between the electrodes increases 
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and reaches a steady state value. The steady state condition 
implies that there is no ionic curent anywhere in the sample, 
J2(xl L ) = O. The ionic carriers are blocked from leaving the 
system because the current-driving electrodes are electronic. 

Under these conditions Eq. (1) can be reduced to the 
following equation: 

J I = (kT le)(uI/ZIHA2ZIVCzIZzCz -AIVC/Cd. (5) 

or 

(6) 

where AT = A I for the electrolyte model (Z I = + 1, 
Z2 = + 1) and AT =AI +A2 for the vacancy model 
(ZI = + I,Z2 = - 1). If AT and VI (holemobility)areinde
pendent of position, Eq. (1) and Eq. (6) can be combined to 
obtain an expression for AT in terms of the measured quanti
ties f-l I (xiL ) and T: 

l/AT = - (kT le)VB(xIL), (7) 

where B (xl L ) = l/V f-ll' The accuracy in evaluation of AT is 
limited by the accuracy of the measurement of f-l1(xIL ). 
From this experimental technique the transport mechanism 
can be distinguished. 

From Eq. (6) the steady-state hole concentration CI(xl 
L ) is found to be a linear function of x 

CI(xIL )/C\ = 1 + (eVoIATkT)(l/2 - xIL), (8) 

Z\ = (l/L )SoL CI(x)dx, (9) 

where 

(10) 

L is the distance between electrodes, xl L = 0 at the anode 
and xl L = 1 at the cathode. CI is the average hole concen
tration in the steady state. The steady-state voltage profile 
VI(xIL) which is the electrochemical potential,ul relative to 
the anode, can be derived from Eq. (1) 

VI(xIL) = (ATkT le)ln[CI(O)ICI(xIL )). (11) 

From Eq. (11) the steady-state voltage Vs = VI(xIL = 1) 
between electrodes can be written in the following manner: 

(12) 

Usually Z\ does not change during the course of the experi
ment. Then Vo is simply the initial voltage between elec
trodes. 

B. Experimental results 

A sample with relatively high stoichiometry, character
ized by R 0 = 12 k.(J, was polarized by constant current at 
25 ·C. The electrochemical potential profile VJ{xIL) was 
measured between the cathode and anode before and after 
polarization. The current was held constant throughout the 
experiment. Initially the voltage is a linear function of x but 
in the polarized state the voltage increases rapidly near the 
cathode (Fig. 2). 

From this data B (xl L ) was extracted (Fig. 3). llIe pa
rameter AT was evaluated to be 1..84 ± 15% by calculating 
the slope of B (x). As a result within experimental error the 
vacancy model, where AT = 2, appropriately describes the 
ionic transport mechanism in Cu2 _ a S at 25 °C. At tempera-
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FIG. 2. Voltage (hole electrochemical potential) distribution in Cu,_aS 
between the electrodes in constant current experiment for the initial (.) and 
steady-state ( ..... ) conditions. Solid curves are calculated for various values of 
AT [Eq. (II)). 

tures above 100 ·C, Yokota 13 found that the electrolyte mod
el fits the experimental data. 

The steady-state hole profile can now be determined 
using Eq. (8) and calculating C) from Eq. (12). The predicted 
values, the solid line in Fig. 4, agree well with the experimen
tal data determined from Eq. (1) and the V1(xIL) data. 
Shown in the same figure is the initial value of G\. Since 
C1(xIL) is linear then C)(xIL = 112) = G\. It can be con
cluded from Fig. 4 that the average hole concentration, as 
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FIG. 3. Evaluation of AT [Eq. (8)] from the steady-state voltage distribu
tion. 
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expected, did not change during the experiment. 
A comparison between observed and predicted values 

for the voltage distribution for AT = 1. 84 is shown in Fig. 2. 
V1(xIL) was calculated using Eqs. (11) and (8) for AT = 1,2 
keeping G\ constant, the same in all cases. 

The initial and steady-state voltages were measured on 
several high stoichiometry samples where R 0 > 10 kfl (Fig. 
5). The predicted relationship between Vo and V. ~ calculat
ed from Eq. (12) for both models, assuming that C1 remains 
constant. There is good agreement of this experimental data 
with the vacancy model. 
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FIG. 5. Steady-state voltage in CU2 _" S between electrodes vs the initial 
voltage in J = const experiment. 
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Also shown in Fig. 5 are the data for two low stoichio
metry samples where Ro = 6.7, 5.2 kfl. The steady-state 
voltages of these samples are unexpectedly large compared 
to high stoichiometry samples. It appears as if the electrolyte 
model describes ionic electromigration in low stoichiometry 
samples. To determine whether the electrolyte is the correct 
model for these samples, AT must be evaluated from the 
V,(xIL) data. 

The voltage distribution V,(xIL) is measured on a low 
stoichiometry sample that has been polarized (Fig. 6). The 
parameterA T is evaluated to be 1.76 ± 15% (Fig. 7) which is 
close to the vacancy model. 

C1(xIL) is calculated using Eq. (8) and Eq. (12) by ad
justing C\ and compared with the experimental data extract
ed using Eq. (1) (Fig. 8). Again there is good agreement 
between the data and the vacancy model. But the average 
hole concentration, which should equal C,(xIL = 1/2) is 
significantly lower (27%). than the initial value which is also 
shown in the figure. 

The claim that C,(xIL = 1/2) decreases during polar
ization of low stoichiometry samples was verified by mea
surements using the sample as a photovoltaic device. The 
light-generated current IL of the device is approximately 
inversely proportional to a. Therefore the hole concentra
tion C,(X) can be indirectly measured in relative terms by 
measuring I L . From the laser scanner' a relative profile 
h (xl L ) of a sample was measured before and after polariza
tion (Fig. 9). The increase of I L (xl L = 1/2) midway between 
the electrodes confirms that the average hole concentration 
has decreased during polarization. 

For the estimated values for AT and C. the calculated 
voltage profile in low stoichiometry samples is compared to 
the observed data (Fig. 6). The observed data agree with the 
predicted value within experimental error. Therefore it is 
concluded that In lower stoichiometry samples, 
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Relotlve polltlon betw"" electrode. X/L 

FIG. 6. Initial. and steady-state (e) voltage distribution in "low" stoi· 
chiometry (a",<O.Ol) CU, _ a S. Solid curves are calculated using Eq. (11). 
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a ~ 7 X 10-3
• C, decreases during polarization. It is also not

ed from Fig. 8 that the hole concentration increases almost 
to its initial value when the sample relaxes. 

A number of measurements were performed on a pair of 
CU2 _ a S samples at various stoichiometry values, adjusted 
by heat treatments in air and by plasma treatment. The 
steady-state voltage resulting from the same initial voltage 
(40 mY) depends on the stoichiometry and is shown in Fig. 
10. Note the sharp increase of Vs when the stoichiometry is 
near the mixed phase region R 0 < 6 kfl ). 

It is concluded from this data and the V,(x) data that the 
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FIG. 8. Initial (.6.1. steady state •• and partially relaxed ( + I hole concen
tration in low stoichiometry Cu, _ a S. 
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factor AT does not change with stoichiometry but that C) 
changes during polarization if the low stoichiometry phase 
of copper sulfide Djurleite, is present. 

Since these experiments were performed under con
trolled conditions it is unlikely that the average vacancy con
centration a changes during polarization. A decrease in C) 
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while a remains constant during polarization can be ex
plained by the nonlinear relationship between C) and a (in a 
uniform sample). The conductivity data u 1 vs a of Rickert et 
aU and Flori06 in the chalcocite and Djurleite phases sug
gest that the ratio of ionized vacancies to the total number of 
vacancies decreases nonlinearly as a increases (assuming 
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FIG. 10. The steady-state voltage data (constant 
current with Vo = 40.0 mY) for samples of 
Cu, _ "S characterized by various sheet resis
tance, R D). The phase transition related to low 
stoichiometry Cu, _ a S at R 0 - 5-6 kfl is evi
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that VI remains constant). A consequence of this result is that 
during polarization the average number of ionized vacancies 
and holes will decrease yet the total number of vacancies 
remains constant. Charge neutrality is maintained since 
CI(x) = C2(x). During polarization there will be a decrease in 
the average hole concentration but will return to its initial 
value during relaxation, as observed in our experiments. 

IV. TIME DEPENDENCE 

When constant current is maintained in a film of 
CU2 _ a S the voltage between the electrodes increases with 
time and then approaches a steady-state value. The hole con
centration decreases near the cathode and increases near the 
anode. The time dependence of the net change in the concen
tration of holes and vacancies can be given by the continuity 
equation 

aCl/at = - (l/e)aJl/ax. (13) 

The standard diffusion equation can be obtained from Eqs. 
(4) and (13) by assuming that VJT = 0 so that charge neutra
lity is maintained 

aCl/at = Dazcl /ax2
, (14) 

where D = 2D2 for the case of the vacancy model. 
In order to find a unique solution to Eq. (14), for our 

boundary conditions it must be assumed that CI remains 
constant during polarization. From the initial distribution 
C (xl L ) = eland the final distribution of C (xl L ) given by 

c-

Eq. (8) one can determine C(xIL,t) 

C,(xIL,t )lCI = 1 + (eVoIATkT) 

X [112 - xlL - ¢J (xIL,t h)], 
(15) 

¢J (xIL,t IT) = (4/r)I[ cos [(2m + 1)1TxIL ]!(2m + Wl 

xexp[ - (2m + 1)2t hJ, 

where T = L 2/rD. An example oftime and spacial depen
dence of hole concentration in Cu2 _ a S with constant cur
rent density as calculated from Eq. (15), is displayed in Fig. 
11 for eVolA TkT = 1.99. The time dependence of voltage 
between the electrodes can be calculated from Eq. (1) by as
suming thatJT~JI since 0'1>0'2 

V,(t) = V0i'd(XILHC,(XIL,t)/C.J-'. (16) 

The parameter T was extracted from the experimental 
V,(xIL,t) data by curve fitting the data using numerical 
methods. Another way to determine T is by an analytical 
expression for V.(xIL = I,t) derived from Eqs. (16) and (11) 
by series expansion when tiT> 1 

(17) 

where Vs is the steady-state value of the voltage between 
electrodes. In Fig. 12 the predicted voltage-time characteris
tics are shown together with the observed data. 

o 
o 1.0~-------=====~====--~~~~---c~~~~=---------1 FIG. II. Time and spatial dependence of hole 

concentration in eus between electrodes under 
constant current, calculated from Eq. (15) for 
eV,/ArkT= 1.99. 
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II 

16 20 24 28 

Time (min) 

The steady state is reached for practical purposes when 
t h > 5. Then if the current is suddenly discontinued or re
duced to some sman value, the system relaxes and the hole 
concentration again becomes uniform. The rate of relaxation 
can be monitored by measuring the voltage between elec
trodes while maintaining a small current. C((x,t) for the re
laxation process can be determined by using the continuity 
Eq. (13) with the boundary conditions given by Eq. (8) 

C((x,1 )lC\ = 1+ (eVo/ATkT)(l/2 - x/L) 

+ (e/ATkT)(Vo - V°)<p (x/L,I h), (18) 

where VO = V r/ (/ J I and J I is the relaxation current. Insert
ing Eq. (18) into Eq. (16) gives the voltage relaxation curve. 
As evident in Fig. 13, this result, calculated using 7" from the 
polarization data agrees well with the observed data. 

When the current is discontinued for a polarized 
CUZ_aS sample at temperatures exceeding lOO·C IS as ex
pected from Eq. (1) and (4), there exists a residual voltage 

V, = (ATkT /eJIuz/(uz + ul)]ln[CI(O)/CI(I)]. (19) 

This voltage in our experiments was too small to measure 
since UZ/ul < 1O-~ at room temperatures. 

The diffusion coefficient was evaluated from 7" at var
ious temperatures and stoichiometries. it was shown earlier 
that for high stoichiometry material C\ was conserved dur
ing polarization. This is a necessary condition in order to 
obtain a unique solution for Eq. (14). Apparently C\ is not 
conserved in low stoichiometry samples and therefore the 
value for D2 extracted from the voltage-time data may de
viate from the actual value of chemical diffusion coefficient. 
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32 36 40 

FIG. 12. Voltage kinetics during "polariza
tion" of CU2 _ as in J = canst experiment at 
T = 298.5 K. Experimental data (e) is fitted 
by theoretical curve calculated from Eqs. (15) 
and (16) with the parameters AT = 1.71, 
T = 4.4 min. 

We assume the standard relationship between D2 and T. 

(20) 

The results of the temperature experiments on two samples 
over a range of stoichiometries are shown in Fig. 14. The 
activation energy was calculated for each experiment and 
was found to vary between 0.4 and 0.5 eV when the samples 
were in the single phase region. This compares to 0.45 and 
0.24 eV as reported by Rickert et al.5 and Okamoto and 
Kawai.4 Do = 30 cm2/sec for Eo = 0.45 eV. 

When the sample is either oxidized or reduced in the 
single phase region D2 changes almost linearly with R 0 as 
seen in Fig. 15. A similar result has been observed by oth
ers.4-6 Although it was clear that D2 changed in a systematic 
way with stoichiometry, it could not be established whether 
Do and/or Eo was responsible for the changes, due to the 
large experimental error. 

There is an anomalous decrease in D2 as the stoichio
metry approaches the mixed phase boundary CU1.993 S. Since 
C\ does not remain constant during polarization, for this 
case there is no unique solution C((x,t). The values for D2 
extracted from the VI(/) data for the low stoichiometry sam
ples may be some average of the diffusion coefficient of each 
phase. D2 has been determined using other techniques 7: for 
single phase chalcocite CU1.993 D2 = 6x 10-9 and for single 
phase djurleite CU1.965 D2 = 2.4 X 10- \0 cm2/s (Ref. 6). Our 
values for D2 in polycrystalline CU2 _ a S at room tempera
ture vary two orders of magnitude from 2 X 10 - 9 cm2/sec 
(Ro = 4.5 kfl) to 2X 10- 7 cm2/sec (RO = 70 kfl). These 
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results are also in agreement with Rickert et al.5 data 
D2 = 1.5x 10-6 cm2/sec for Cu2.oooS and Dz = 2x 10-8 

cm2/sec for CUl.93 S. 
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FIG. 14. Temperature dependence of copper diffusion coefficient in 2 sam
ples ofCuz .. " S at various stoichiometries characterized by sheet resistance. 
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FIG. 13. Voltage kinetics during relaxation of 
Cu2 .. as when the current was decreased ten
fold after the steady state was established (Fig. 
12). Theoretical curve [Eqs. (18) and (16)J was 
calculated using the same value of 1" as in Fig. 
12. 
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There are several approaches that may be used in relat
ing stoichiometry with Dz in single-phase chalcocite. One 
approach used to understand this problem relates the factors 
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FIG. IS. Copper diffusion coefficient vs sheet resistance of 2 samples at 
various stoichiometries. 
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Do and Ea {Eq. (19)] directly to the value a. Do = ?w, where 
r is the elementary jump distance and w is the vibrational 
frequency. If r is given to'be the average distance between 
vacancies, then Do a: a- 2/3• Therefore when a decreases, D2 
should increase. In addition to this, charge transfer the
oryI6.17 in ionic media predicts that 

(21) 

where n is the index of refraction, € is the dielectric constant, 
a is the radius of the exchanging ion, and ro is the distance 
between ions. Therefore, if r 0 is equal to the average distance 
between vacancies, then as a decreases, D2 should increase. 

However it should be noted that there are other ap
proaches used to investigate ionic transport in relation to 
changes in stoichiometry. J. Flori06 has been able to relate 
the chemical diffusion coefficient with the tracer diffusion 
coefficient by measuring ionic conductivity of CU2 _ a S via 
an electrochemical cell. IS 

v. CONCLUSION 

One can determine the ionic transport mechanism in 
the CU2 _ a S mixed conductor by measuring the electro
chemical potential distribution of the holes in a po:tarized 
sample. The method which has been described here has the 
advantage that the results are independent of the presence of 
contact resistances at the electrodes and changes of current 
density and/or stoichiometry, which may occur during ex
periments. 

With this method it is concluded that the vacancy mod
el adequately describes the effects of polarization for 
CU2 _ a S samples between 25-70°C. Also it it shown that 
when the sample is in the mixed phase region there is a de-
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crease in the average hole concentration during polarization. 
Finally, it was found that the diffusion coefficient of 

samples in the single phase Chalcocite region varies linearly 
with sheet resistance. The temperature dependence exhibits 
the Arrhenius law relationship with activation energy of 
0.4--0.5 V. 
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