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Objective 
 
The objective of this work is to study fundamental and practical aspects of crack formation in electrodeposited thin films.  The 
aim is to identify and quantify key parameters of the electrodeposition process affecting the crack formation in thin films.  This 
study should enable development of an effective strategy generally applicable in practice whenever electrodeposition process for 
crack free films is demanded. 
 
The activities performed in the second quarter were focused on initial studies of electrodeposition of chromium thin films of 
arbitrary thickness on polycrystalline copper substrates from Cr+3-containing electrolytes.  The main focus of the experimental 
work was the EXDBA 1411 Bath with pH=5 (see http://short.pfonline.com/NASF16Nov2 for description). 
 
Experimental approach 
 
Current efficiency measurements 
 
The initial work focused on accurate determination of the current efficiency for the EXDBA 1411 bath chemistry as a function of 
deposition current density at room temperature.  The work performed involved deposition of chromium films with significant 
thickness (one hour deposition time), and precise measurements of the weight gain due to the formation of the chromium film.  
This mass was compared to the mass gain calculated from the deposition charge measurements during galvanostatic deposition.  
The ratio between the measured and calculated mass, assuming 100% current efficiency, is presented in the data in Fig. 1. 
 
Each point in the data presented is an average of three measurements with an upper and lower error bar.  The data indicate that 
the current efficiency has very low values, much lower than initially anticipated.  Significant scattering of the data is also evident, 
and thus a vague linear trend identified by the fit can be taken with some caution.  The efficiency increases with increasing 
current density although the values can be considered as scattered around 1%.  For the point of further discussion, this will be 
taken as a good approximation, yet the true efficiency values will have to be determined from quartz microbalance 
measurements which are planned in the near future. 
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Figure 1 - The current efficiency of chromium deposition as a function of current density for the EXDBA 1411 bath, pH=5.  The 

black circles are the average of three measurements; the blue and red dots represent the upper and lower error bar of 
the measurements.  The gray dotted line is the linear fit of the data to emphasize the trend. 

 
Interfacial pH calculations and threshold for Cr(OH)3 precipitation 
 
For the purpose of this analysis, we considered that the main reactant during chromium deposition is, indeed, water.  The reason 
for this is that the electrode rest potential during galvanostatic deposition in the range between 200‐450 mA/cm2, is significantly 
lower than the potential for water reduction (see http://short.pfonline.com/NASF16Nov2).  Thus, the reaction: 
 
 2H2O + 2e¯ = 2OH¯ + H2↑ - Water reduction/ E= ‐1.125 V (pH<7, H+/H¯) 
 
is dominant at the electrode solution interface due to the fact that the molarity of the solution in terms of water itself is 55M.  This 
is much higher than that of the Cr+3 ion concentration, in our case ~0.5M, or H+ ions (10‐5M).  Because of that, the water 
reduction reaction is the main source of OH¯ ions at the electrode interface.  Because of that, the interfacial pH is a direct 
function of the magnitude of the deposition current and current efficiency.  Assuming the linear concentration profile in the 
diffusion layer and the mass balance between generated OH¯ due to water reduction and the transport by diffusion to the bulk of 
the electrolyte, the interfacial concentration of OH¯ can be described by following relation:1 
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Here φ is the current efficiency (Fig. 1) while δdiff, DOH and KW stand for the diffusion layer thickness, diffusivity of OH¯ ions and 
ionic product of water, respectively.  The concentration of OH¯ at the interface shows direct proportionality with the magnitude of 
the current density.  Using the data in Table 1, we can now envision the values of the interfacial pH for EXDBA 1411 as a 
function of deposition current density, as in Fig. 2. 
 

Table 1 - Tabular data for current efficiency. 

φ 
δdiff, 
cm 

KW, mol2cm‐6 Kp, mol4cm‐12 DOH, cm2sec‐1 

0.01 500 × 10-4 10-20 6.3 × 10-43 5.5 × 10-5 
Exp. Lit. Lit. Lit. Lit. 

   Exp. = Experimental; Lit. = from Literature 
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The red line in Fig. 2 represents the threshold for Cr(OH)3 precipitation in terms of interfacial 
OH¯ concentration defined as: 
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In our calculations, we assume that [Cr+3]i ≈ [Cr+3]∞ due to a very low current efficiency.  As one can see, the threshold for 
chromium (III) hydroxide precipitation is greatly exceeded for the entire current range considered.  This suggests that the 
hydroxide precipitation also represents a potential route of chromium deposition and O, H and H2O incorporation affecting the 
mechanical properties of the deposit, its fracture toughness, as well as grain boundary quality and lattice structure. 
 

 
Figure 2 - Interfacial concertation of OH¯ ions as a function of the water reduction process.  The red dotted line indicates the 

threshold of OH¯ concentration for Cr(OH)3 precipitation. 
 
The in situ measurements of stress evolution in chromium films (EXDBA 1411 Bath with pH=5) 
 
The set of more than 20 measurements have been performed evaluating in situ stress evolution in the chromium deposit as a 
function of current density.  The typical thickness of chromium films exceeded 20 microns.  The measurements shown here are 
the most representative runs exhibiting the typical trend we have observed, Fig.3(a-d).  The experimental routine involved in situ 
monitoring of stress during the four-hour deposition of chromium films at different current densities, followed by a one-hour in situ 
monitoring of the stress evolution after the deposition was stopped. 
 
In the last segment, the sample was not taken from the solution, so the post deposition stress evolution could be monitored with 
the sample still residing in solution at open circuit potential.  This might be questionable due to the possibility of corrosion of the 
sample affecting the last part of the stress measurements.  The same routine will be repeated in the future with the sample 
resting in air (Fig. 3).  The representative data are organized in Fig. 3 as a, b, c and d segments in which the stress‐thickness 
and stress‐time evolution are shown for each current density accompanied by the optical images of the cantilevers and the 
surface of the chromium deposit acquired 3‐5 minutes after the experiment.  The optical images serve to illustrate a lack of 
immediate crack appearance/detection for the cantilevers samples during and after the measurements which corroborates well 
with conclusions from the stress measurements. 
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Figure 3 (a, b) - The in situ stress measurements showing stress‐thickness, stress‐time evolution, optical images of the 

macroscopic cantilever samples and microscopic surface appearance.  The deposition current used was (a) j 
=250 mA/cm2 and (b) j =300 mA/cm2. 
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Figure 3 (c, d) - The in situ stress measurements showing stress‐thickness, stress‐time evolution, optical images of the 

macroscopic cantilever samples and microscopic surface appearance.  The deposition current used was (c) j 
=350 mA/cm2 and (d) j =400 mA/cm2. 
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Several fundamentally important observations are common for all our measurements: 
 

1. The value of the stress is negative though the entire range of thickness evolution for the chromium films regardless of 
the current density applied.  This means that the crack propagation cannot occur under these conditions and indicates 
that for this bath and this temperature (room) it is unlikely that any cracking could occur during chromium deposition. 

 
2. The initial compressive stress related to nucleation of the chromium deposit (~‐50 to ‐70 MPa) gradually decreases 

(tensile relaxation) as the continuous film forms (~ 3 microns thickness), but it remains negative and after a thickness 
of 5 to 10 microns is exceeded, at which point it takes the steady state value of compressive stress until the very end of 
the deposition experiment.  The value of the steady state compressive stress is a small function of deposition current 
density with no obvious trend observed, but commonly being in the range between ‐10 and ‐30 MPa.  The negative 
sign of the stress the entire range of deposit growth indicates that the net balance between tensile stress generation 
due to grain boundary sliding and/or slip creep and compressive stress generation due to hydrogen incorporation and 
Cr‐hydride formation is overall in favor of Cr-hydride and hydrogen incorporation.  This also indicates that the strength 
of grain boundaries is low due to preferential hydroxide precipitation at the grain boundaries as defect sites on the 
surface. 

 
3. In each measurement, after the growth of chromium films is stopped, a tensile relaxation of the stress occurs at open 

circuit potential.  The magnitude of the tensile relaxation is function of applied current density and current efficiency 
(Fig. 4).  The best insight in this process is observed following the stress‐time transients which are shown on the right 
side of each segment in Figure 3(a-d), red line.  It is commonly observed that tensile relaxation enters steady state 
after approximately 30 minutes. 

 
4. In the present experimental circumstances, no discontinuous stress‐thickness behavior is observed, indicating no film 

cracking during deposition or during open circuit relaxation.  In addition, the sign of stress being negative 
(compressive) indicates that no crack formation or support for crack propagation exists during the growth.  Also, in the 
stress time relaxation process after the growth, no discontinuous stress‐time evolution is observed, indicating that open 
circuit relaxation does not occur after deposition (aging) crack formation or propagation.  This is expected also from the 
overall sign of the stress, which is always negative even after one hour of tensile relaxation.  These observations are 
reconfirmed via optical inspection of the samples after they are pulled from the solution, indicating no crack formation 
(Fig. 3). 

 
Figure 4 - Dependence of the magnitude of tensile relaxation of chromium films at open circuit as a function of (a) current 

efficiency and (b) current density.  The data are extracted from Fig. 3, using indicated values (red color). 
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The data analysis also provides an insight into a dependence of the tensile relaxation at open circuit potential as a function of the 
deposition current density and deposition current efficiency (Fig. 4).  From the presented data, it can be seen that tensile 
relaxation decreases with increasing current density and current efficiency.  The trend is not a monotonic regression but rather a 
large decrease from 250 mA/cm2 to 300 mA/cm2 and then a constant trend.  The same occurs when the current efficiency effect 
is analyzed.  A large decrease in tensile relaxation is observed as the current efficiency increases from 1.3% to 1.4%, while a 
further increase in current efficiency has no effect on the magnitude of tensile relaxation. 
 
The standard interpretation of the tensile relaxation in electrodeposited films during aging is a release of hydrogen that has been 
incorporated either as an interstitial solute in the metal matrix or as a hydride.  Either option is possible when chromium is 
considered, and the width of the hydride region of stability is a function of temperature.  At room temperature, and for the current 
densities used, one can anticipate formation of CrHx (0.5 < x < 1).2  Therefore, it is likely that the origin of the tensile relaxation 
observed in our case during open circuit corresponds to the breakup of Cr‐hydride and release of gaseous hydrogen.  
Considering that lower current densities show lower current efficiency, we anticipate that per chromium atom deposited, more 
Cr‐hydride is formed at 250 mA/cm2 deposition current than at higher values, and therefore, a decrease is expected.  However, 
further increase in current efficiency and current density does not yield appreciable change in the magnitude of tensile relaxation.  
We conclude that this could be due to the limited amount of hydride accumulated, stable only within the surface layer, and thus 
not significantly dependent on the current density and/or current efficiency. 
 
Impedance measurements 
 
The in situ impedance measurements during chromium electrodeposition have yielded the same qualitative results as the stress 
measurements.  Indeed, as expected due to a thickening of the chromium film, the charge transfer resistance during deposition 
steadily decreases asymptotically, approaching a steady state value.  This pattern was repeated for all current densities 
investigated and no abrupt change in the charge resistance signal was observed.  Thus, no crack formation was detected (data 
not shown).  However, we have introduced a new sample design with the intent to measure the resistance of the chromium film 
during postdeposition aging at open circuit potential, OCP, (three hours), shown in Fig. 5(a).  The resistance of the chromium 
films was determined using an AC signal at a 50 kHz frequency and an amplitude of 5 mV.  Shown in Fig. 5(b-d), the results 
were quite interesting.  The intent was to detect potential crack formation during sample relaxation at OCP with abrupt change in 
the resistance of the film.  Interestingly, the data did not show an abrupt change of the thin film resistance, but rather a gradual 
one, which became constant in most of the samples after approximately 30 min to one hour. 
 
The relative change of resistance was small, less than 2%.  The largest increase in resistance of the chromium films was for 
samples deposited at the lowest current density.  This correlates very well with the tensile stress relaxation data measured 
during the sample relaxation at OCP, comparing Fig. 4 vs. Fig. 6.  One cautionary note is that the sample resistance might be 
affected by the corrosion process in formate solution.  Therefore we do not hold strongly to the observed trend until we repeat 
the same measurement with samples aging in air.  Yet, the agreement is very good with our tensile stress relaxation data, and 
therefore we can interpret it as follows.   
 
The lower current density has a lower efficiency and therefore chromium films are deposited with more Cr‐hydride phase per 
chromium atom than samples deposited with higher current densities.  As observed with the stress measurements, the breakup 
of the Cr‐hydride leads to tensile stress relaxation and also to the formation of point defects in the chromium films, or grain 
boundaries which serve as additional scattering points for electrons. 
 
Therefore, liberated hydrogen during the aging process and Cr‐hydride decomposition are indirectly observed by a slight 
increase in resistance of the chromium films.  More hydride in the chromium films means more defects created during aging 
process and therefore, more electron scattering.  The same measurements will be repeated soon with samples aging in air.  
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Figure 5 - (a) Sample geometry for AC resistance measurements of chromium films during relaxation at OCP in formate solution 

after deposition for 4 hr.  Contacts for AC clips were made of gold foil to copper seed.  The electron path is indicated, 
and sample copper seed is deposited on a silica substrate.  Impedance measurements for samples deposited with (b) 
j = 250 mA/cm2, (c) j = 300 mA/cm2, (d) j = 350 mA/cm2 and (e) j = 400 mA/cm2. 
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Figure 6 - Relative change of the chromium thin film impedance (resistance) as a function of the deposition current density 

during chromium film aging at OCP in formate solution.  Data was extracted form Fig. 5 (b-d). 
 
Summary 
 
The activities in this period undoubtedly brought a wealth of new information about the electrodeposition process of chromium 
films in terms of their mechanical integrity, signs of stress and stress relaxation during aging.  Although the most of the 
measurements do have a rather high level of complexity, we have achieved the routine in the sample preparation, experimental 
routine and data analysis that allows us to perform an abundant amount of work on a daily basis. 
 
The stress measurements show that the sign of the stress in chromium films is negative, therefore suggesting no crack 
formation/propagation during the deposition stage.  This is also reconfirmed with our impedance measurements, and our optical 
microscopy.  Yet, it is possible that some level of cracking is present at the scale that is undetectable with the currently available 
methodology.  It is also very important that we have reached quite a good level of qualitative and phenomenological 
understanding of the relation between deposition potential, interfacial pH, current efficiency and the observed sign of stress 
during deposition and during relaxation at OCP potential.  The tensile stress relaxation during OCP is likely to be the result of Cr‐
hydride decomposition and H2 release, which is detected also by the increasing resistance of the chromium films. 
 
Both stress measurements and resistance measurements do correlate very well, therefore giving us a strong confidence to 
identify postdeposition aging of chromium films as the most important stage where the Cr‐film cracking can occur.  In parallel 
with the experimental work, in our group, we continue to improve and sophisticate the measurement systems and sample 
preparation routine which improves our efficiency and capability to perform more experiments in shorter time.  For the future, the 
plan is to repeat some of the stress relaxation measurements during chromium thin film aging in air, and to evaluate stress 
relaxation during annealing of chromium films at moderate temperatures.  The writer gratefully acknowledges the donation of 
electrochemical equipment by Faraday Technology (Clayton, Ohio) which has been already put in good use. 
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