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FINAL TECHNICAL REPORT 

This report provides an overview of the research undertaken during this research project 

and the results and conclusions. This research program focused on the mechanics of materials 

employed in thin film solar cells for energy harvesting, and composite anodes with high capacity 

Li
+
 host materials. For brevity, this report summarizes and discusses the experimental results and 

references are provided to publications for further details. 

 

1. MECHANICAL DURABILITY OF THIN FILM SI SOLAR CELLS 

We investigated the failure process of photovoltaic (PV) amorphous Si thin film solar 

cells using commercial solar cell modules PT15-300 manufactured by Iowa Thin Film 

Technologies Inc. (Ames, IA). The dimensions of as-received PV modules were 270×325 mm
2
 

with total power of 3.08 W and current and voltage of 200 μA and 15.4 V, respectively. The PV 

films were encapsulated in 1-mm thick Tefzel/EVA, and comprised (Figure 1, top to bottom) of 

a 1 μm thick ZnO TCO layer, an 1 μm thick amorphous Si p-n junction diode, a 0.1 μm thick 

conductive polyimide Kapton
™ 

layer acting as the bottom electrode, and a 50 μm thick aluminum 

substrate. A metallic grid on the surface of the TCO acted as the top electrode. 

 

 

Figure 1. Cross-section of layers in an amorphous Si photovoltaic cell. 

ZnO 

Si 

Kapton
™

 
Al 
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1.1. Measurement of Mean and Gradient Stresses in Si and Si/ZnO Films  

The mechanics of blister and telephone cord delamination were employed to extract the 

mean stress in the layers comprising the PV film in Figure 1. Figure 2(a) shows a straight blister 

and Figure 2(b) a telephone cord blister induced to the films as described in [1]. The mean 

residual stress driving the formation of straight delamination blisters was calculated by 

approximating the delaminated segments as clamped-clamped beams [2]. Knowledge of the 

blister profile geometry allowed for the calculation of the buckling and the residual stresses [2-

4]. Specifically, Hutchinson and Suo [2] approximated the delaminated segment of a straight 

blister as a clamped-clamped buckled beam, while the work in [5] approximated the delaminated 

segment of a telephone cord blister as a segment of a pinned circular buckle. It has been shown 

that telephone cord delaminations form instead of straight delaminations when the residual-to-

buckling stress ratio is at least four [5], which is the case shown in Figure 2(b). 

 

  

(a) (b) 

Figure 2. (a) Straight delamination blister, and (b) telephone cord delamination blister. 

 

In this study, the blister height and width were measured with a confocal laser scanning 

microscope and the buckling and mean residual stresses were calculated by the expressions 

derived in [2,5], which require knowledge of the average elastic moduli of the Si and the ZnO 

films, their Poisson’s ratios, the blister height, and the blister half-width. The elastic moduli and 

200 µm 400 µm 
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the true tensile strength of amorphous Si and ZnO films were obtained from microscale tension 

experiments described in a later Section. In the absence of the ZnO layer, only straight blisters 

formed in the Si layer, Figure 2(a), as opposed to telephone cord delamination blisters that 

formed in the Si/ZnO bilayer, Figure 2(b). The formation of telephone cord delamination blisters 

implied that the deposition of ZnO layer increased the mean compressive stress. Freestanding 

strips of the Si monolayer and the Si/ZnO bilayer were used to extract the residual stress gradient 

in the films. The strips exhibited uniform curvature throughout their length which provided 

support for the presence of a linear stress gradient. The curvature of the Si/ZnO and Si strips 

indicated that, in the as-deposited state, the top film surface was under tension and the bottom 

under compression. The radius of curvature and the width of the freestanding strips were 

measured from images obtained with a confocal laser scanning microscope and a linear stress 

gradient was calculated by using the Euler-Bernoulli theory. 

 

1.2. Residual Stresses in Si and Si/ZnO Thin Films 

Using the profiles of straight and telephone cord delaminations and the models in [2,5], 

the buckling and mean residual stresses in the Si monolayer and the Si/ZnO bilayer were 

calculated from a large number of experiments. The buckling stress of the Si monolayer 

measured from straight delamination blisters was (-159±52) MPa and the mean residual film 

stress was (-466±118) MPa. Similarly, the buckling stress of the Si/ZnO bilayer measured from 

telephone cord delamination blisters was (-114±27) MPa and the mean residual stress was (-

661±93) MPa. These values correspond to a composite stress since Si and ZnO have different 

elastic moduli. The stress gradients in the monolayer and the bilayer freestanding strips were 

calculated by treating the strips as beams subjected to a bending moment. The linear stress 

gradient calculated from several Si strips was 274±20 MPa/µm. The Si/ZnO bilayer strips were 

modeled as composite beams, since they consisted of two materials with different elastic moduli, 

which resulted in a discontinuity in the linear stress gradient in the bilayer. The tensile stress at 

the top ZnO surface was 360±27 MPa, while the compressive stress at the bottom Si layer was (-

319±24) MPa. Figure 3 shows the mean and the gradient stress in the Si/ZnO bilayer as attached 

to the substrate. The dashed line in Figure 3 corresponds to the neutral axis of the composite 

beam, which was only 0.06 µm away from the interface inside the ZnO layer. Only the ZnO 
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layer experienced tensile stresses due the stress gradient, while the entire Si layer was under 

compression. Yet, the significant tension at the top ZnO surface, owed to the linear stress 

gradient, was overcome by the large mean compressive stress, thus maintaining the entire 

Si/ZnO bilayer under compression.  

The elastic moduli of the Si and ZnO thin films used in the mean and gradient stress 

calculations were obtained from microscale tension experiments [6]: The elastic modulus of 

amorphous Si films was 94±6 GPa which is in good agreement with the value of 94±10 GPa 

reported in [7]. The tensile strength was 425±75 MPa corresponding to 0.45±0.07% strain at film 

fracture. The composite modulus of the Si/ZnO specimens was 107±7 GPa and the tensile 

strength was only 109±23 MPa, which is significantly lower than that of the Si strips, resulting in 

a maximum allowable strain in the bilayer of only 0.1±0.02%. The elastic modulus of the ZnO 

films was determined from the Si/ZnO composite modulus and the elastic modulus of the Si 

monolayer, as 120±7 GPa. This value is within the range of 111 - 137 GPa that has been 

previously reported, mainly from indentation experiments [8-11]. 

 

 

 

Figure 3. Mean residual stress and stress gradient in a Si/ZnO bilayer attached to Al 

substrate. The stress values are rounded and the distributions are not drawn to scale.  
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The stress state in the Si and Si/ZnO films at failure while they are firmly attached to a 

substrate, e.g. a composite laminate, can be calculated by using the measurements for the mean 

and gradient residual stresses, and the tensile strength. The significant compressive mean stress 

in the bilayer, as shown in Figure 3, requires an equal amount of tension to be applied via the 

substrate. In the case of the Si monolayer, the substrate stress must overcome the initial 

compressive stress in the Si monolayer (-470 MPa), and the tensile strength of the Si layer (425 

MPa) which totals 895 MPa and corresponds to 895/96,000 ≈ 0.9% substrate strain. In order to 

induce fracture to the ZnO layer, the substrate stress must overcome the initial compressive 

stress in the ZnO layer (740 MPa) and its tensile strength (110 MPa) which corresponds to an 

applied strain of 850/120,000 ≈ 0.7% via the substrate. The Si/ZnO strips tested in tension were 

obtained by relatively complete fragmentation of the PV film via bending. Naturally, wider ZnO 

fragments appear at smaller strains and, therefore, the estimate of 0.7% substrate strain is good 

for nearly complete fragmentation of the ZnO film.  

 

 

1.3. Performance of PVs Integrated on Composite Laminates 

The predictions for PV film failure based on the experimental results at the thin PV film 

level were compared to film fragmentation and photovoltaic efficiency measurements on PV 

films co-cured with a carbon fiber pre-preg (DA 409U/G35 150 unidirectional carbon fiber). The 

details of the curing process are described in [1].  The performance and functional degradation of 

PV films for different values of strain was quantified by using the fill factor (FF). For reference, 

the FF of a properly functioning PV must be larger than 0.6. PVs with lower FF demonstrated 

rapid functional degradation during tension testing, potentially due to pre-existing defects. In 0º 

laminates, fragmentation of the ZnO layer in the form of parallel cracks began at strains as low 

as ~0.4% with very early signs of fracture appearing at 0.3% strain, as pointed out in Figure 4(a). 

This value of strain that resulted in the very first cracks in the ZnO layer agreed very well with 

calculations based on the aforementioned measurements of film stresses and strength. 

Fragmentation of the ZnO layer was completed at ~0.8% strain, Figure 4(b). Notably, there was 

no functional degradation of the PVs until complete fragmentation of the ZnO layer. For PV 

films co-cured with ±45º composite laminates, fragmentation commenced at ~0.25% strain, as  
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(a) (b) 

 
(c)  

 
(d)  

  

(e) (f) 

Figure 4. Fragmentation of ZnO layer of a PV film integrated on a 0º laminate subjected to (a) 

0.3% and (b) 0.8% strain. Fragmentation of ZnO in a PV film integrated on a ±45º composite 

laminate that was subjected to (c) 0.25% and (d) 0.85% strain. Fragmentation of Si layer in a PV 

film integrated on a 0º composite laminate subjected to (e) 0.7% and (f) 0.85% strain. 

300 µm 300 µm 

300 µm 300 µm 

150 µm 150 µm 
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shown in Figure 4(c), and was completed at ~0.85% strain, Figure 4(d). Fiber shearing in ±45º 

composite laminates resulted in warping of the PV films, Figure 4(d), which could be responsible 

for the slightly smaller strain at which cracks formed in the PVs attached to ±45º composite 

laminates compared to 0º laminates. Experiments with PV films with only the Si layer, which 

were co-cured with 0º composite laminates, provided further evidence that only the ZnO layer 

participated in the fragmentation process shown in Figures 4(a-d). The previously computed 

substrate strain of ~0.9% that was required to cause Si fracture (after ZnO failure) agreed well 

with the results in Figure 4(e) and Figure 4(f) showing the surface of the Si layer of a PV co-

cured with a 0º composite laminate subjected to 0.7% and 0.85% strain, respectively. As 

mentioned, the microscale tension experiments employed specimens which were already the 

result of complete fragmentation and their failure strain should be compared to the strain at 

which the fragment size becomes comparable to the specimen width in microscale tension tests. 

Notably the prediction of 0.7% substrate strain at failure of the ZnO layer agrees well with the 

composite strain, Figure 4(b), at which the average width of the fragments was comparable to the 

average width of the Si/ZnO strips used in microscale experiments, namely ~30 µm. Figure 5 

shows the average fragment width vs. (%) strain, showing that the terminal strain for the 

formation of 30-µm wide fragments is ~0.82%. The same specimen width was used in 

microscale tension experiments which, as mentioned above, predicted a critical strain value of 

0.7%. The difference of 0.12% is actually due to the additional compressive stress generated in 

the PV films during the curing cycle because of matrix shrinkage: To measure this additional 

compressive stress, telephone cord delamination blisters were induced to the PV surface after 

curing. The results showed practically no increase in the buckling stress, while the mean residual 

stress of the composite Si/ZnO film increased by ~20% to 130 MPa, which corresponds to an 

additional mean compressive strain of 130/107000 = ~0.12%. 

The FF vs. applied strain for a 0º laminate is plotted in Figure 6(a), and for a ±45° 

laminate in Figure 6(b). The plots show a gradual reduction in the FF for strains larger than 

0.8%, which is approximately when fragmentation of the ZnO layer ended and fragmentation of 

the Si layer began. This gradual reduction in the FF value continued until strain values as high as 

1.6%, when the composite laminate failed. At those strains the FF dropped to ~0.3 and 0.1, for 0º 

and ±45º composite laminates, respectively. It should be noted that the composite strain levels 
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resulting in fragmentation of the ZnO and Si layers and power output decrease did not change for 

PV films oriented at different angles with respect to the loading direction.  

 

 
Figure 5. Average fragment width vs. applied substrate strain for a PV attached to a 0º 

composite laminate. 

 

  

(a) (b) 

Figure 6. Fill factor vs. applied composite laminate (substrate) strain for a PV co-cured on a (a) 

0º, and (b) ±45º laminate. 
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1.4. Summary 

In summary, the initial stress state of amorphous Si thin film PVs was shown to play an 

important role in determining their mechanical and functional failure after integration with load 

bearing structures. The residual stress gradient in the Si and the Si/ZnO layers is very significant, 

generating quite large tensile stresses at the film’s top surface. However, this tensile stress is 

counteracted by large compressive mean stresses which provide the mechanical integrity of 

Si/ZnO bilayers, which otherwise can withstand only 0.1% tensile strain in their freestanding 

configuration. Thus, the mean compressive residual stress is of paramount importance in the 

load-bearing capacity of amorphous Si PV films. It was also shown that the ZnO layer is the 

weak link in the Si/ZnO bilayer, with small adhesion to the Si layer. Knowledge of the PV film 

stress state in its as-deposited form and its tensile properties in freestanding form allowed for 

predictions of the failure strain of the ZnO and the Si layers when the PV films were co-cured 

with carbon fiber composite laminates. Fragmentation of the ZnO layer began at laminate strains 

as low as 0.3% for the 0° laminate and 0.25% for the ±45° laminate, and was almost complete by 

the time cracks appeared in the Si layer for substrate strains of 0.8%. Fracture of the ZnO layer 

alone had negligible effect on the PV efficiency. The first signs of functional degradation 

occurred at substrate strains larger than 0.8%, which agrees with the critical strain for fracture 

initiation in the Si layer.  

 

 

2. MECHANICAL INTEGRITY OF COMPOSITE Si ANODES 

Composite anodes were prepared by hot-pressing at 360 ºF, which allowed for precise 

control of their density. The binder was a mix of PVDF and acetylene black (AB) in a ratio of 

7:3 wt. and the active material (graphite or Sn) was added in a 1:1 wt. ratio, resulting in 

composites consisting of 50% wt. active material, 35% wt. binder and 15% wt. conductive 

material. These weight ratios produced anodes with initial mechanical robustness and good 

electrical conductivity. Further details about the composition of the anodes and the 

manufacturing process are provided in [12]. 
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2.1. Mechanical  and Electrochemical Property Measurements of Composite Anodes 

 The mechanical and electrochemical performance was investigated as a function of 

effective open porosity of the anode, which is accessible by the electrolyte for Li
+
 transport. The 

electrochemical performance of the composite anodes was assessed by measurements of the 

electrode capacity in the first 2 lithiation/delithiation cycles, which was normalized by the 

estimated mass of graphite or Sn. Microscale Sn particles have been shown to suffer from 

degradation after the first few cycles and, therefore, the capacity fade of graphite anodes was 

evaluated by subjecting them to 2 galvanostatic lithiation/delithiation cycles at rates of C/10 and 

C/30, followed by 28 cycles at C/5. It should be noted that the capacity measured in the first 

cycle is not a good measure because is affected by the formation of SEI, which also influences 

subsequent electrochemical cyclability [13]
 
 

Electrochemical cycling was limited to the voltage range of 0.01 - 1.5 V. Two anode 

shapes were tested: (a) circular with diameter of 5/16 in., and (b) 1 mm wide rectangular strips 

which were used for mechanical testing. The anodes were placed in a Swagelok-type cell, with 

Li metal foil acting as the counter-electrode and a Celgard film acting as the separator. The 

anodes were dipped in electrolyte consisting of 1 M lithium perchlorate (LiClO4) in a 1:1 

ethylene carbonate (EC) and DMC solution. Electrochemical testing was not initiated until 1 hr 

after assembling the Swagelok to allow for the electrolyte to thoroughly wet the composite 

anode. The entire process of assembling the Swagelok cells was conducted in an Ar filled glove 

box to prevent oxidation of the Li metal foil and the electrolyte. Once electrochemical cycling 

was completed, the residual electrolyte was removed by rinsing the anodes in a 1:1 propylene 

carbonate (PC) and DMC solution. 

The binder material undergoes expansion upon wetted by the electrolyte and intercalation 

of Li
+
 into graphite or Sn [14]. This volumetric expansion must be accommodated without 

particle or matrix fracture which would negatively impact the electrochemical performance of a 

battery. The elastic modulus, tensile strength and ultimate tensile strain of composite anodes with 

various porosities were measured in tension with a method as described in [6,15]. Specimens 

from three types of anodes were tested: (a) PVDF with AB (7:3 wt.) serving as the control 

material, (b) composite anodes with graphite/PVDF/AB (50:35:15 wt.), and (c) composite 

anodes with Sn/PVDF/AB (50:35:15 wt.).  
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2.2. Mechanical Integrity of Composite Anodes after Electrochemical Cycling 

The mechanical behavior of composite anodes was evaluated after electrochemical 

cycling. Specimens of graphite and Sn anodes of various porosities were subjected to 

electrochemical cycling and subsequently tested in tension. Figures 7(a-d) show the stress vs. 

strain curves of unlithiated and electrochemically tested anodes after 30 cycles. For porosities 

between 40% and 50%, the graphite anodes exhibited up to 85% retention of the initial 

mechanical strength before electrochemical cycling, which was accompanied by increase in 

ultimate strain. On the contrary, specimens with higher or lower porosity (above 65% and below 

40%, respectively) consistently demonstrated poor mechanical property retention after 

electrochemical cycling. Specimens with low initial porosity largely retained their initial elastic 

moduli. However, their tensile strength and ultimate strain decreased due to sporadic crack 

formation owed to PVDF swelling during lithiation [16,17]. Renganathan et al. [18] modeled the 

stresses generated upon intercalation of graphite particles and showed that a reduction in porosity 

from 60% to 30% results in 100% increase in the tractions on the graphite particles, which 

increase the propensity for particle debonding and crack formation in the binder upon cycling. 

Graphite anodes with 47% porosity were tested in tension after ½, 1, 2, 5 and 10 

electrochemical cycles under galvanostatic conditions. The first two cycles were conducted at 

C/30 while the rest were conducted at C/5. The reduction in tensile strength and the elastic 

modulus after the first full cycle is evident in Figures 8(a,b). The tensile strength remained 

constant in the first full cycle, with an average value of 5.4±0.8 MPa, corresponding to 8% 

reduction compared to unlithiated samples. Additional electrochemical cycles further reduced the 

tensile strength to 2.4±0.5 MPa, which corresponds to 58% reduction compared to unlithiated 

specimens. The reduction in tensile strength was due to matrix crack formation and debonding of 

the active material from the binder due to local volumetric expansion/reduction of the active 

material during lithiation/delithiation, as well as the infiltration of the electrolyte in the anode 

causing the binder to swell [16-19].
 
The average elastic modulus after the first full cycle was 

4.2±0.4 GPa, which was 10% smaller than the as-fabricated anodes. After the second full cycle 

and for all subsequent cycles the elastic modulus assumed a constant value of 2.0±0.3 GPa, 

namely a 58% drop compared to as-fabricated anodes. This increase in composite compliance 

and reduction in tensile strength are consistent with the formation of microcracks and graphite 
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particle debonding after the completion of the first full lithiation/delithiation, which did not 

change with additional electrochemical cycling.  

 

  

(a) (b) 

  

(c) (d) 

Figure 7. Stress vs. strain curves of as-fabricated and electrochemically cycled graphite anodes 

with (a) 65%, (b) 47%, (c) 43% and (d) 38% porosity. 
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(a) 

 
(b) 

 
(c) 

Figure 8. (a) Elastic modulus, (b) tensile strength, and (c) failure strain vs. number of 

electrochemical cycles for graphite anodes with 47% porosity. A full cycle includes one full 

lithiation and delithiation. The first two galvanostatic cycles were completed at C/30 rate and the 

following cycles at C/5 rate.  
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Sn anodes on the other hand demonstrated major degradation of their mechanical strength 

upon lithiation, especially for small porosity values. The ultimate strain and tensile strength vs. 

porosity are shown in Figures 9(a,b). The standard deviations of the average values were 

relatively large, reaching 50% of the average value for samples with low porosity. The large 

deviations were due to the considerably larger volumetric expansion of the Sn particles 

compared to graphite, leading to debonding and nucleation and coalescence of large voids that 

initiated early failure. As shown in Figure 9(b), the mechanical strength varied significantly for 

small porosities: the high matrix density resulted in uneven transport of the electrolyte as 

evidenced by variations in the delithiation capacity between cycles as different parts of the anode 

delithiated during each cycle, and therefore, the overall porosity increased with electrochemical 

cycling. Thus, small porosities, although beneficial from a mechanical integrity view point, 

compromise the electrochemical performance of Sn or graphite anodes.  

 

  

(a) (b) 

Figure 9. (a) Failure strain and (b) tensile strength vs. porosity of Sn anodes that are as-

fabricated and electrochemically cycled for 30 full cycles.  
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2.3. In-situ Chemical Lithiation of Si Microsprings 

Si has been shown to have very large electrochemical capacity but poor mechanical 

stability due to fragmentation during Li
+
 intercalation. It has been shown that Si nanowires with 

dimensions of the order of hundreds of nanometers can avert failure while allowing for large Li
+
 

capacity. In this work, chemical lithiation experiments were conducted with Si microsprings of 

different dimensions. Specifically, four types of 10-µm thick spring films with seed 

spacing/number of coil turns of (a) 900 nm/4 turn, (b) 1500 nm/4 turn, (c) 900 nm/10 turn and 

(d) 1500 nm/10 turn, as shown respectively in Figures 10-13 were studied. 

 Individual springs were isolated from each film and mounted at the tip of a probe and 

subsequently placed in a Focused Ion Beam (FIB) chamber and brought to contact with Li metal. 

The surface of the latter was oxidized forming Li2O after short exposure to air. Once the Si 

nanosprings were in contact with the Li2O surface, the electron-beam was focused at the contact 

point causing the Li2O to break down. Li atoms then diffused in the Si nanosprings. A necessary 

condition for Li2O break-down is e-beam intensity larger than 50A/m
2
. This process of chemical 

lithiation [20,21] differs from electrochemical lithiation because there is no potential applied 

between the anode and the cathode.  

Four snapshots of the lithiation process per specimen type are shown in Figures 10-13. 

The diffusion of Li atoms in Si nanosprings is evidenced by volume increase, starting at the 

contact point with the Li metal. There was no additional volume increase after the volume 

increase propagated to the end of each spring. The exact amount of volume increase was not 

possible to compute because of uncertainties in the exact geometry of each spring. During Li 

atom diffusion, sporadic crack formation (usually one surface crack in each spring) was observed 

in FIB images of the 1500 nm spaced springs of 4 and 10 turns, however no complete and 

catastrophic failure was observed contrary to lithiation experiments of Si films reported in 

literature. 
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(a) (b) (c) (d) 

Figure 10. In-situ chemical lithiation of a 900nm/4 turn Si nanospring at (a) 0 min, (b) 87 min 

(c) 144 min and (d) 259 min. 

    

(a) (b) (c) (d) 

Figure 11. In-situ chemical lithiation of a 1500nm/4 turn Si nanospring at (a) 0 min, (b) 31 min 

(c) 112 min and (d) 178 min. 

    

(a) (b) (c) (d) 

Figure 12. In-situ chemical lithiation of a 900nm/10 turn Si nanospring at (a) 0 min, (b) 7 min 

(c) 23 min and (d) 46 min. 

    

(a) (b) (c) (d) 

Figure 13. In-situ chemical lithiation of a 1500nm/10 turn Si nanospring at (a) 0 min, (b) 19 min 

(c) 89 min and (d) 160 min. 
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