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'INTERFEROMETRIC STUDY OF TRANSIENT DIFFUSION LAYERS
F. R. McLérnon, R. H. Muller and C. W. Tobias

Ihorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Chemical Engineering; University of California

Berkeley, California 94720
’ABSTRACT.V

Traqsignt refractive-index fields in stagnant CuSO4 solutions were
ﬁeasured,by doubie beam interferometry during the galvanostatic
ldeposition of copper. Concentration profiles in the electrolyte have
been derived from‘the interferograms by correcting for optical.
. aberrations caused by beaﬁ deflection and reflection. The time-dependent
concentration profiles are in good agreemenf with those derived from a

solution of the diffusion équation in which the ¢oncentration dependence

of diffusivity is taken into account.

Key Words: Interferometry; Transient diffusion; variable transport
properties; Mass transfer; Electrodeposition



Concentration changes in the electrolyte near working electrodes

result from transport processes in electrochemical processes.1 We have

used double-beam interferémetry2 for the investigation of concentration
fields near electrodes, This technique offers the advantagés of. |
continuous observation with high iesolution of concentration ("'10-5 M)  /
and distanc:e'("'].O—4 cm) without disturbing transﬁort or electrode
processes,aﬁd is not restricted to limiting current demsity. Interfero-
metry in its present form is, however, suitable only for the determination -
of concéntration profiles in binarz‘systems, i.e., when the lbcal |
refractive—iﬁdex iskdeterminéd by the concentration of a’singie'soiute.
For this reason, the method is as yet not applicable when a supporting
electrolyte (e.g., HZSO4 in the case of copper deposition) is present.
Previous interferometric studies3_6 of concentfafion changes in
electrochgmiﬁal systems hgve been based on the conventional interpre-
tat_ion2 of iﬁterferograms, in which local phase change in the interferogram
is simply related to lbcal refractive-index (i.e,,.concentration) |
variation in the object. ‘Such interpretation assumes that a11 light
'rays travel along straight paths as they_tfaverse the épecimen. ‘We'have
showp, however, that deflection (refraction,'Schlieren effect) of the |
beaﬁ,as it passes through the refractive-index field,frpm a straight
path can lead to large errors.7’8 We have also found that refiection9 of
light rays from the even slightly rounded edge of an otherwise planar eieé-
trode surface can likewise lead to significant errors in interpretation. These -

-'opticai distortions must, therefore, be taken into '‘account if reliable
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information regarding interfacial concentration, concentration gradient
and boundary layer thickness is- to be obtained from experimental
interferograms.

: I; ié‘thg purpose of this paper to compare concentration profiles,
derived from the interferometric observation of diffusién layers by the
use of procedure88’9 which acéount for light deflection- and reflection,
with those predicted on theorétical grounds. )

| EXPERIMENTAL

A<cross—sectional schematic of the inferferometer and electrochemical
cell is presented in Fig. 1. The 1x3.8 cm copper electrode blocks A and C
were separated by the distance h = 275 cm. The electrolyte temperature
was 20°C * 1°C.

The side of each eléctrode facing the light beam was polished
flaf (within 0.03° from tangent plaﬁe) and smooth (0.3 um peak-to-peak)
using progressively finer (to #200) carbide paper, chromium

oxide and diamond paste (1.0 pm) abrasives with kerosene as a lubricant.

Each electrode working surface was then polished in a similar manner

using a right-angle polishing jig that was kept in non-abrasive contact

with the previously polished side in order to abrade the working surface

at right angle to the.side.j The resulting electrode working surface was

. flat to within 1.0 Um over 80% of its width and showed a 1.0 um peak-to-peak

roughness. This procedure caused the electrode working surfaces to be



/ : ~4-

slightly rounded such that the edges were 0.01 mm lower than the center
of the surface. The surface profiles were measured with a stylus surface

analyzer10 and are shown elsewhere.g’llv‘

This electrode preparation permitted alignment of the test beam to
Be parallel to the electfode working surface within 0.1° by reflecting
‘the beam from'the polished side of the electrode such that it retraced
its path to.#he source. The effect of beam misalignment on the fringe
pattern has been discuésed by Beach et al.

The tfavéling dual—emission_laser’interferometer was mounted on a lathe -
bed to permit scanning of fhe concentrétion field along the length of thé
eiectfddes. (Details of the interferometer and the electrochemical cell

have been given elsewhere.12’13.

) The.cathode'was observed in two
horizontal orientations, facing up and.fécihg down. Constanﬁ current
of 5.0 and l0.0 mA/cm2 was passed through the cell. Tﬁe intérferogfémsy
of the resuiting transient diffusion 1éyers were recorded by a Bolexv
"Pajllard 16 mm motion picture cémera on Kodak Plus-X film At 20 frames/sec.
The camera was positioned such that the plane of focus (optically con-
'jugate'tp the camera film plane) was 1ocate& on the inside of the‘glass
wall'fartﬁest from the camera, where scale lines‘of 0.5 mm separation
ﬁad been:étched in the glass. We have previously juStified the use of
 thié plane of focus7 fof the interferometric observation of cathodic
boundary layers. The experimental phase vs distance information was
. read from the interferograms by tracing fringés in a projection of the

film onto a table with about 200-fold magnification.



C 0o 4 297 7 9 g
-5

THEORY OF TRANSPORT
The convection-free electrodeposition of a metal cation from a
étagnant aqueous binary salt electrolyte is described by the unsteady

diffusion equation in one dimension:

-2 p¢ | | W

= D
at ax ox
Equation (1) -accounts for variation of the diffusion coefficient D
with electrolyte concentration C. It represents a simplification* of
the complete diffusion equation (see for example page 225 of Ref. 1).
Current density is related to the interfacial concentration gradient by:’

i zFD  3C 2)

T 1 -t 3%

+ Jx=0

For galvanostatic electrodeposition, the boundary conditions to Eq. (1)

are:
il -t) |
‘—g%=_zF-I-)—L”at x=0,t>0 3)
C = Cb at t <0, all x ‘ (4)
C = Cb as x > o, all t- (5)

If the diffusion coefficient D and cation transference number t, are

assumed invarient with concentration, the solution of Eq. (1) with the

boundary conditions (3) to (5) is the well-known Sand equation.8’18

*
are not accounted for

Variations of the cation transference number t+

'in Eq. (1).



" The variation of the CuSO, diffusion coefficient over the range

4
0-0.1 M CuSQ4 is illustrated in Fig. 2. Smoothed data bf‘Evefsole, 
vKindsvater and Peterson,16 corrected to 20°C, are indicated by the

solid curve. We can approximate the physical property variations.as

linear functions of electrolyte concentration:

"ﬁ— =1 ab ] : . ' | (6)

= 1+v6 - | @

The subscfipted propertiés correspond to zero electrolyte conceﬁtratioﬁ,
and O is a dimensionless concentration'C/ij Two linear approxi-
métions are SﬁoWn on Fig. 2, each indicating the proper value of
aiffusion coefficient at C‘=:0.l M;CuSO4. The curve fof o = 0.0869
accurately reﬁreéents the data for 0.04 M < C. < 0.10 M, while the curve
for a = 0;141 approximates the data over the entire range 0 < C < 0.1 M.~
The variation of cupric ion transference number measufed by Fritz and
'?uggtl7 can be réprésented by (1 - t) = 0.597 and Y = 0.0648

(t, = 0.403 - 0.387C) over the range 0 < C < 0.1 M CuSO,.

4

Thé appropriate equations of unsteady diffusion can now be derived

+

(using Eqs. (1) through (7)):

96 _ a6 96 ' '

3 = D, %1 - af) 5 - “(ax) ] | (8)
-vax

=1 at t<0 , all x , (9

=1 as x> ’ ' _ (10) -



39 i1 - t_{_)0 1.+ v6

9x  zFD C 1 - ab
ob

at x=0,t >0 (11)

These equations can be éolved by standard numerical techniques. Casting.
the equations into Crank—Niéholson finite differénce representation14 and
solving the resulting system of nonlinéar algebraic equations by the
Thomas method15 determineé the theoretical concentration profiles to
within about 0.0002 M CuSO, .
Concentration profiles were calculated from Egs. (8) through (11)
using the ébove—mentioned numerical techniques. TFor o =Yy = 0, the

8,18
)

numerical solution matches the closed-form solution (Sand equation
to within 0.0002 M CuSO4 for stepvsizes of 0.0bl mm and 0.1 sec.
INTERPRETATION OF INTERFEROGRAMS

Figure 3 illustrates‘the analysié of a single interferogram recorded
at a dowﬁward facingvcathode after 30vséc of electrolysis at 10.0 mA/cmz.
The ordinate denotes distance from the true image of the electrode surface
(undistorted by refraction or reflection). The.abscissa relates electrolyte
concentration to interferometric phase change (ﬁumber of fringes)

according to the conventional interpretation of interferograms. The

location of the true interface x = 0 on the experimental interferogram

has been determined by the method of focal plane variation outlined in
Ref. 9. This technique locates the interface to within about 0.01 mm when
no refractive-~index gradients are present in the electrolyte (i.e., before
beginning the electrolysisj. With the interface x = 0 thus defined,

the phase vs distance information obtained from analysis of the

film can be plotted as the experimental interferogram‘depicted by the

'open circles on Fig. 3.



The experimental interferogram is now interpreted by a method19
that accounts for light-deflection in the refractive-index field. Thié

iterative technique determines the concentration profile (dashed line

in Fig. 3) associated with a computed interferogram (solid line in

Fig. 3) that best matches the experimental interferogram. The goéd
'agreement.canvbe seeﬁ bj comparing the éomputéd and experimental"
inte:ferégrams in Fig. 3.

‘ At this juncture, the.§§égg of the computed interfefogram may well
agree.with the shape of the experimental interferogram. However; the
computed fringe could suggest, on the intérferogram, an apparenﬁ
interfaciai iocation‘B different from A, indicated by the experimeptal 
interferogram (neithef 6f'which corresponds to tﬁe true interfaciai
location x =:0). Small (0.01 mm) errors.in the ofiginal'determination
of the true interfacial location can haveva'comparable (0.02 mm) éffectA
on thisvdiffereﬁce between_experimental (A) and computed (B) énd points.

-Refléctipn from the edge of the electrode surface when refréctive—
index gradienté'ggg.present in the electfolyte can havé aﬁ effeét_mgch
~1ikeireflection when no gradieﬁts are present: the apparent_interfaéial
~locati§n'cén be differentbfrom the location expected considering iight— B
deflection alone.u Refleétion thus causes two soﬁrce of error:

(a) an 0.01 mm uncertainty in the determination of the true interfaéial
location wifhout refractive—index gradiénts present in the electrolyte
| ,énd (b) 0.02 mm pncertainty in meésuremeﬁt of the.apparent interfacial :

location when refractive—index gradierts are presént.f
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RESULTS

The interferometrically derivéd‘transient interfaciél concentrations
for an experiment at lQ mA/cm2 are shown in Fig; 4. Also shown are the
thegretical interfacial COncenfrations fér a =0 (Sénd equation) and for
o = 0.0869 and o = 0.141. While the uncertainty in derived interfacial
concentrations precludes assigning a partiéular value of o as best
fepfesenting the variatidn of diffusion coefficient with concentration,
‘the results do suggest better experimental agreement with numerical

"solutions for variable physicai.proéerties than with the Sand equation.
The_ceil voltage is also plotted, illustrating the rapid rise in.electrode
potential as limiting transport.conditions‘are apprbached. Our inter-
pretation of interferograms,.contrary to conventional interpretation,
shows fhat the interfacial concentration, indeed, becomes vaﬁishingly
small és limiting current conditions are reached.

Figure 5 compares the interferometrically derived transient inter-.
facial concentrations for two different current densities with those
prédicted by the numerical solution using o = 0.0869. Thé theoretical
(solid) curves are bounded by dashed curves corresponding to numerical

6

solutions for Do = 5,4x10 cmz/sec + 10%. 1In view of the uncertainty of
the diffusion coefficient for CuSOA,‘the agreement of the theoretically

predicted and interferometrically measured interfacial concentration_appears
quite satisfactory.

Our agreement with reported diffusion coefficients contrasts with
high values, that depended on current density, derived by Tvarusko and

Watkins6 with conventional interpretation of interferograms. For

instance, at 23.5mA/cm2 they found a value of 3.2)<10“5 cm2/s. We can
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.entirely account for .the oﬁservéd six-fold dériv;tion.in apparént difoSion‘:f
‘coefficient as an optical artefact: As can be ssen on Fig. 3, Qhe iﬁferference
fringe (open circles) indicates an interfacial concentration gradient smaller
than the true gradient'(closed'circles). If the interference fringe is.

takén as a direct measuré of the concentration profile (conventional inger-‘
pretation), one has to postuiate unreasonably high'diffusion éoéfficients

in ordef td.account for the imposed current density. We have préviously
determined»different interferometric errors caused by light-—deflection:8

A relativevérror ofv-d.83 in concentration gradient at the interface can be
éstimatédkfrom Fig. 10, Ref; 8 for the.conditions of this experiment

(23;5 mA/émZ, 0.05M concentrétion difference between bulk aﬁd interfécé).
This value is the same as the relative error of the inverse of thg reﬁorted

diffusion'coefficiént;

Diffﬁsion.coefficignts presented in O'Brien's interferometric
stédy of CuSO4 diffusion layers5 also are six times‘too,high initially ahd
degfease with time.  The opticaily derived current densities, based on
D= 4.4X10-6 cm2/sec; are only 36-88% of the applied current dénsities.:‘
-This‘aanaly can also be directly attributed to light-deflection effects.
On thé other hand, the inﬁerferométrically derived concentratibn |
profiiesjpfesented by Hsueh.and Newman20 are substantially free of light-
deflectioﬁ errors. Théir long (40 min) eiectrolysis times at constant
pofential résulted in a small interfacial conéenfrat%on gradient
(0.1M CuS(_)4 cm_l) and, consequently, in negligible light—deflection effects.
| The derivation of qual current deqsities (of concentrétion
gradients) from interferograms is more difficult than the defermination
ofllocalicqncentratioﬁs. For all the ﬁresent experiments, the inter—

ferometrically determined current density agreed with the applied current
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densities of 5 or 10 mA/cm2 within 1107 (Fig. 6, circles). Copveﬁtional
interpretation would have resulted in errors up to -68% (Fig. 6, triangles).
The concentration profiles obtained by interferometry can also be
analyzed to provide a measure of the cation transference number t+ in
' O.lM'Cu'SO4 elgctrolyte. Equation (12) relates charge passed during

constant-current electrolysis to the depletion of CuSO4 within the

diffusion layer.
. [+
it - t+) = zF.f. (Cb - C) dx . _ (12)
o .

Cation transference numbers computed by use of Eq. (12) are listed in

17

Table I. The values compare to literature data” of 0.36 and 0.40 at

C = 0.1M CuSO, and C = 0, respectively. It can be seen that the con-

4

ventional interferogram interpretation results in a wide variation

of t, with time and current density.

For short galvanostatic deposition times, concentration profiles o
obtained fdr a cathode facing up matched those for one facing down. At
times greater than 13 or 18 sec for i = 10 or 5 mA/cmz, respectively, onset
of natural convection became apparent by dirregular distortions of fringes
above the surface.

CONCLUSIONS

Concentration profiles optically observed near electrodes in the
absence of convectioﬁ agree with those theoretically expected by use of
estabiished diffusion coefficients and transfe;ence numbers. Thus, we

9,1 for deriving

have experimentally corroborated our new techniques
one-dimensional concentration‘distributions from interferograms under

.consideration of light-deflection and fefléction. We can confidently
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employ the same opticél'principles in the analysis of concentration -
.fiélds near-eléctrbdes,in the presence of convection, whetre theoretiéal
solutions are not available. '
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NOMENCLATURE -

electfolyte concentration M CuSO4)

diffusion coefficient (cmzlseC)

diffusion coefficient at C = 0 (cmz/éec)
Faraday constant (coul/eq)

current dénsity (mA/cmz)

phase change (fringes)

‘time after beginning of electrolysis (sec)

cation transference number

distance. from electrode surface (mm)

cation valence

constant (Eq. (6))

constant (Eq. )

anode potential minus cathode pqtential )

dimensionless concentration C/Cb
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Table I. Catlon transference numbers der1Ved from interferometrlcally determined
concentration profiles..
m

Present interferogram

Conventional interferogram

Interpretation . Interpretation
i (mA/éan) 1 #(s) t, t,
5 1o = 0.377 0.212
5 30 0.388 0.062
5 50 0.415 0.070
10 10 0.4k 0.1439
10 20 - 0.448 10.357
10 30 0.4%29 0.289
10 40 0.431 0.261

-9T-
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FIGURE CAPTTONS
Fig. 1. Interferometer and electrochemical cell cross section.
" Light path

- - - - Off—axié rays demonstrating point-to-point relationship
" between plane of focus and film plane

A Copper anode
c 1Copper cathode
1 E ‘»0.i M cﬁso4 electrélyté}-:
F Eiim_piane |
Q ' Class‘éidewalls '
_ﬁ_ }>'Len§."The festllens (fscal length 87 mm) is 115 mm

from the center of the cell. The focal length of the
reference lens in 81 mm. ' :

M .Mirror

S Light soufce (ﬁeNé laser)
U Beam uniter

d 12.7. mm

h o 25.4 m

v 10.0mm

Fig. 2. CuSO, diffusion coefficient. |
SR Sﬁoothéd;data of EVeféole et al.,16 corrected to 20°C

[l

'“Qf';i*' Linear'approximatioh,'D' (5.41 - 4.70 C) X 10

6

]

— . Linear approximétidn, D (5.75 - 8.11 C) x 10
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Fig. 3. Interferogram interpretation.
ordinate: distance from electrode surface (mm)
abscissa: ”electrolyte concentration M CuSO4) orvinterferometric
phase change (fringes)

oo0oo0o0 experimental interferogram, i = 10.0 mA/cmz,

Cb =0.1M CuSO4,‘t = 30 sec, cathode faces down.
- - concentration profile derived from experlmental
interferogram

computed interferogran associated with derived
concentration profile

e e o ¢ - theoretical concentration prof11e computed by numerlcal
techniques for a = 0.0869

A apparent interfacial location on the experimental

‘ interferogram :

B apparent_interfacial location on the computed
interferogram '

Fig. 4. Transient interfacial concentrations. i=10.0 mA/cmz._'

ordinate: 1nterfacial concentration C M CuSO4).or cell
‘ voltage A (volts) '

abscissa: time after beginning of electrolysis (sec)

—— _—__ numerical solution for a = ( orresponds to the

Sand equation) t+ 0. 364 =4.94x10-6
numerical solution for a = 0.0869, D_ = 5.41x1076 cm/s,
Y = 0.0648 : :
. ~6 2
—_ . numerical solution for a = 0. 141, D =5.7510 " cm /s, .
' Y = 0.0648
e interferometrically'determined interfacial

concentrations



Fig. 5.

Fig. 6.
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. . s . . 2
Transient interfacial concentrations, i = 5.0 and 10.0 mA/cm".

v . -6
numerical solution for o = 0.0869, D = 5.41x10 cm2/sec,
Yy = 0.0648 °

~.._._._..iIO‘Z, uncertéinty ;n dif}usion coefficient Do

'3 _ interferometrically-determined interfacial concentrations
Derived currént densities.
A A conventional analysis of the experimental interferograms
O @ analysis considering light-deflection and edge reflection
-A-0- ap_plied current 5.0 mA/c:r-n2 (shaded area *10%)

-A-0O- applied current 10 mA/Cm2 (shaded area +10%)
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‘Do’to of Evvers'ole et al.
6.0 —
 Dg=5.75%I0°
\\'\ @ =0.141 _
- Do 5.41x10°
55 N a =0,0869 _
\‘\\
5.0 J e | =
L | 1
OV»' 10_.02 0,04 0.06 0.08  0O.I0
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| XBL749-4167

Fig. 2
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their employees, makes any warranty, express or implied, or assumes

any legal liability or responsibility for the accuracy, completeness

or usefulness of any information, apparatus, product or process

disclosed, or represents that its use would not infringe privately

owned rights. - :
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