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FINAL TECHNICAL REPORT 

This Final Progress Report summarizes the research conducted during the six months of 

no cost extension (NCE) of this grant. The research performed in the preceding three years of 

this project was described in detail in the three Annual Progress Reports submitted in the past.  

 

 

I. NOMENCLATURE 

 

Notation Description 

𝜎ௌ,𝜎ூ,𝜎஼, Stress 

𝜏ௌ,𝜏ூ,𝜏஼  Shear Stress 

𝐸ଵ,𝐸ଶ,𝐸ଷ, Elastic Modulus 

𝐺ଵ,𝐺ଶ,𝐺ଷ, Shear Modulus 

𝜇ଵ,𝜇ଶ,𝜇ଷ, Poisson’s Ratio 

L Length of Structure 

𝑡ଵ,𝑡ଶ,𝑡ଷ Thickness of a Layer 

s Applied Stress 

𝜀ௌ,𝜀ூ,𝜀஼  Strain 

𝑉 Voltage 

𝐼 Current 

𝐼௢ Reverse Diode Saturation Current 

𝛾 Dioxide Factor 

𝑇 Absolute Temperature 

𝑒 Magnitude of Electronic Charge 

𝐼௦௖ Short Circuit Current 

𝑉௢௖ Open Circuit Voltage 

𝐼௠௣ Current at Maximum Power 

𝑉௠௣ Voltage at Maximum Power 

S, I, and C stand for the PV film, the interface material, and the composite respectively. 

1, 2, and 3 stand for the bottom (composite) layer, the interface material, and the top (PV film) 

layer, respectively. 

DISTRIBUTION A: Distribution approved for public release.
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II.    INTRODUCTION 

 Photovoltaic (PV) thin film cells provide the means to lightweight and versatile 

renewable energy for a variety of applications in the aerospace industry [1]. PV films have been 

integrated onto load-bearing components of aerospace vehicles, satellites, and portable devices 

[2,3]. As a result, they are subjected to the same strains as the underlying substrate which could 

lead to damage and performance degradation of the brittle thin amorphous Si (aSi) film 

comprising a PV. The performance of PV films has been shown to degrade when subjected to 

relatively small strains [2-5], as demonstrated by the reduction of the fill factor (ratio of 

maximum power between ideal and practical conditions). Jones et al [6] reported the onset of the 

decline of the fill factor at ~0.75% tensile strain when the films were subjected to bending. 

Antartis et al [4] integrated aSi PV films with composite laminates, and showed that degradation 

of the fill factor begins at a substrate tensile strain of 0.8%, both for cross-ply and ±45º 

laminates. Fragmentation of the aSi layer was the cause of performance degradation.  

 While several studies have focused on improving the efficiency of PV films [7,8], there 

has been no study on averting their performance degradation due to substrate induced strain. The 

research carried out in the reporting period focused on the use of a strain attenuation interlayer 

between a PV film and its substrate to extend the maximum strain applied to the underlying 

substrate before the fill factor begins to decline and microcracking occurs in the PV film. This 

strain isolation concept, albeit not new, has been applied to stretchable substrates [9-12]: Lacour 

et al [9] used a compliant PDMS substrate to apply 25% macroscale strain while a delicate 

device on the substrate was exposed to only 5% strain due to its isolation by a stiff island on the 

substrate. In the case of PVs integrated with composite load-bearing structures, the underlying 

composite laminate substrate has high elastic modulus [2,3] of the order of 70-200 GPa [13]. In 

such cases strain isolation can be accomplished with the aid of a compliant interface material.  

The main focus of this project was the development of compliant interphase layer for 

multifunctional applications, by glancing angle deposition (GLAD) of coiled or chevron type 

thin films of metals or ceramics with low shear and normal stiffness. During this project this 

method was successfully applied to generate compliant films of lithium ion anodes and thermal 

interface materials [14-17]. For instance, we employed 10-μm thick Cu nanospring films as a 

thermal interface material, with 25 MPa and 100 MPa shear and normal stiffness, respectively 

DISTRIBUTION A: Distribution approved for public release.
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[16]. GLAD films have the advantage of low deposition temperature, strong bonding to substrate 

and easy integration to next level via flat capping layers [16,18]. However, GLAD can be limited 

in terms of film height; the thickest GLAD films reported to date have been only 10 μm. 

Furthermore, a smooth substrate is needed to grow GLAD films with accurate geometrical 

features. Therefore, their growth as strain attenuation layers on common composite laminates 

was not proven practical. During the NCE period of this project (September 2018 - March 2019) 

we investigated the use of a compliant interphase between a PV and a unidirectional composite 

laminate (serving as the substrate) to provide partial or complete strain isolation of the PV. A 

three layer model was adopted from literature [19] to evaluate the parameter space (material 

properties and film thicknesses) and identify the optimal solution. Important considerations were 

the ability for direct process integration in large areas, rapid curing, strong adhesion, and 

versatility in controlling the elastic modulus.  

 

III.  MATERIALS AND METHODS 

III.1 Analytical Problem Formulation  

 An interface material is introduced between a PV film and a unidirectional composite 

laminate to attenuate the strain tramistted from the composite substrate to the PV. The stress and 

strain fields in the stacking shown in Figure 1, were solved analytically following the solution by 

Li et al [19]. Since the lateral dimensions of the specimens were several orders of magnitude 

larger than the thickness of the PV film, the composite and the interface materials, plane strain 

conditions were assumed, and structural bending was neglected. Perfect bonding between layers 

was assumed and all materials were treated as linearly elastic in the particular loading range. 

 

Figure 1. Schematic of (symmetric half) three layer structure. 

x
Composite, 𝐸ଵ,𝐺ଵ, 𝜇ଵ, 𝑡ଵ 

Interface Materials, 𝐸ଶ,𝐺ଶ, 𝜇ଶ, 𝑡ଶ 

y 

S

PV Thin Films, 𝐸ଷ,𝐺ଷ, 𝜇ଷ, 𝑡ଷ 
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For completeness, herein we present the problem solution methodology as reported in 

[19]. Based on the above assumptions and the symmetry conditions, the boundary conditions are:    
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An analytical solution can be obtained for the stress fields in the first layer (composite):  

⎩
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⎧
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The stress fields in the second layer (interface material) are: 
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The stress fields in the third layer (PV film) are: 
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The strain in each layer in the loading direction (x direction) is:  
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The exact forms of the parameters in the equations above can be found in [19].  

The objective of this work was to identify combinations of elastic properties and thickness values 

for the interface layer that result in strain attenuation between the composite and the PV films. 

We define strain attenuation as: 
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 (6)

 

For a PV film co-cured with a composite laminate without an interphase material, the problem is 

reduced into a plane strain problem of two perfectly bonded layers. If structural bending is 

neglected the boundary conditions are:  
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Solving Eqn. (7) yields the stress fields in the first layer (composite): 

⎩
⎪
⎨

⎪
⎧

𝜏௬௫
େ ൌ 𝑃ଵ𝑠𝑖𝑛ℎ𝑛ଵ𝑥𝑠𝑖𝑛𝑏ଵ𝑦

𝜎௫௫
େ ൌ

𝑃ଵ𝑏ଵ

𝑛ଵ
𝑐𝑜𝑠ℎ𝑛ଵ𝑥𝑐𝑜𝑠𝑏ଵ𝑦 ൅ 𝐸

𝜎௬௬
େ ൌ െ

𝑃ଵ𝑛ଵ

𝑏ଵ
𝑐𝑜𝑠ℎ𝑛ଵ𝑥𝑐𝑜𝑠𝑏ଵ𝑦 ൅ ℎଵሺ𝑥ሻ

 (8)

 

The stress fields in the PV layer are: 

⎩
⎪
⎨

⎪
⎧

𝜏௬௫
ୗ ൌ 𝑃ଶ𝑠𝑖𝑛ℎ𝑛ଶ𝑥𝑠𝑖𝑛𝑏ଶሺ𝑡ଵ ൅ 𝑡ଶ െ 𝑦ሻ

𝜎௫௫
ୗ ൌ െ

𝑃ଶ𝑏ଶ

𝑛ଶ
𝑐𝑜𝑠ℎ𝑛ଶ𝑥𝑐𝑜𝑠𝑏ଶሺ𝑡ଵ ൅ 𝑡ଶ െ 𝑦ሻ ൅ 𝐹

𝜎௬௬
ୗ ൌ

𝑃ଶ𝑛ଶ

𝑏ଶ
𝑐𝑜𝑠ℎ𝑛ଶ𝑥𝑐𝑜𝑠𝑏ଶሺ𝑡ଵ ൅ 𝑡ଶ െ 𝑦ሻ ൅ ℎଶሺ𝑥ሻ

 (9)

where E, F, h1(x), and h2(x) are integration constants.  

 

The strain fields in the PV film and the composite are deduced from Equations (8) and (9): 

𝜀௫௫
େ ൌ ൭

𝑃ଵ𝑏ଵ

𝑛ଵ
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𝑃ଵ𝑛ଵ

𝑏ଵ
𝑐𝑜𝑠ℎ𝑛ଵ𝑥𝑐𝑜𝑠𝑏ଵ𝑦 ൅ ℎଵሺ𝑥ሻቇ൱

1
𝐸ଵ

∗

𝜀௫௫
ୗ ൌ ሺെ

𝑃ଶ𝑏ଶ

𝑛ଶ
𝑐𝑜𝑠ℎ𝑛ଶ𝑥𝑐𝑜𝑠𝑏ଶሺ𝑡ଵ ൅ 𝑡ଶ െ 𝑦ሻ ൅ 𝐹

െ𝜇ଶ
∗ ൬

𝑃ଶ𝑛ଶ

𝑏ଶ
𝑐𝑜𝑠ℎ𝑛ଶ𝑥𝑐𝑜𝑠𝑏ଶሺ𝑡ଵ ൅ 𝑡ଶ െ 𝑦ሻ ൅ ℎଶሺ𝑥ሻ൰ሻ

1
𝐸ଶ

∗

 (10)

The exact form of the parameters in the equations above is reported in [19]. 

 

III.2 Materials and Methods  

PDMS was selected as the interphase material due to its tunable mechanical properties. 

By adjusting the ratio between the silicone elastomer and the curing agent, the elastic modulus of 

PDMS could be varied in the range 0.1 - 3 MPa [20,21]. The broad range of mixing ratios of the 

elastomer over the curing agent varying from 33:1 to 5:1 enables robust control of the viscosity 
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and, therefore, film thickness. Control of the PDMS film thickness and modulus enables extreme 

combinations of laminate and PV film thickness. Furthermore, PDMS provides the following 

advantages: (1) Direct integration on PV films, (2) large area coverage and flat surface for direct 

deposition of other materials, (3) good electrical insulation, and (4) rapid and versatile curing. 

PDMS was synthesized by thoroughly mixing a silicone elastomer and curing agent (SYLGARD 

184, Dow Corning, Midland, MI) according targeted ratios, and degasing for 25 min. The 

commercial PV film modules were attached to a Si wafer for spin coating at different spinning 

rates according to the viscosity of PDMS, and were subsequently co-cured with the 

unidirectional [0°]8 composite on a hot plate at 80C and for 4 hrs. The prepregs pre-cured on a 

hot plate at 180C for 4 hrs under light pressure. For better adhesion, all composites were 

polished by a grinder-polisher (ECOMET 3, BUEHLER, Inc.) to ensure a flat surface before 

attached to PDMS. In the absence of an interphase layer between the PV film and the composite 

laminate, the PV film was co-cured directly with the prepreg resulting in good adhesion with no 

debonding, and strain attenuation taking place at strains as high as 1.7%. The PV films were 

provided by Iowa Thin Film Technologies Inc. (Ames, IA), and comprised of a 1-µm conductive 

ZnO layer, 1-µm aSi, a Kapton insulation and a thick substrate, totaling ~50 µm in thickness. 

Unidirectional [0°]8 composite laminates were fabricated as the underlying substrate, and were 

prepared from commercial prepregs (DA 409U/G35 150 unidirectional carbon fiber, Adhesive 

Prepregs from Composite Manufacturers).  

The elastic modulus of PDMS reached a plateau value at the maximum cross-link ratio of 

5:1, therefore, PDMS with different mixing ratios (Silicone elastomer/Curing agent) from 33:1 to 

5:1 was cast into long strips (t×w×l = 2×5×19 mm) and tested in tension. Similarly, strips of PV 

films that were 2×0.2 cm2 in size were cut for mechanical testing. A speckle pattern was 

deposited on the PV films and the PDMS samples to measure the strain via Digital Image 

Correlation (DIC). Similarly, composite laminates with and without integrated PV films were 

tested in tension. A speckle pattern was deposited on the backside of the composite laminates to 

obtain the strain field in the laminate, while a second camera was used to obtain the strain on the 

co-cured PV films while also measuring the fill factor. A CCD camera with a high magnification 

objective was used to capture small fields of view with the inherent speckle pattern of the PV 

films for DIC calculations and observation of film fragmentation. 
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The PV film was modeled as an ideal diode assuming no losses from bulk resistance and 

junction leakage following the study in [22]. The total current under a constant light source is 

given by:  

𝑙 𝑛ሺ𝐼௅ െ 𝐼ሻ ൌ 𝑙𝑛𝐼௢ ൅
|𝑒|𝑉

𝛾𝑘஻𝑇
 (11)

The parameters 𝛾, 𝑉, and 𝐼௢ were obtained with a circuit consisted of two multimeters and one 

resistance substitution box at 
|௘|௏

ఊ௞ಳ்
≫ 1 and the I-V curves were plotted using via:  

𝐼 ൌ 𝐼௢ ቈ1 െ expሺ
|𝑒|𝑉

𝛾𝑘஻𝑇
ሻ቉ ൅ 𝐼ௌ஼ (12)

The fill factor that quantifies the performance of PV films is defined as: 

𝐹𝐹 ൌ
𝐼௠௣𝑉௠௣

𝐼௦௖𝑉௢௖
 (13)

where 𝐼௠௣ and 𝑉௠௣ correspond to the voltage and current on the I-V curve at the practical 

maximum power. The fill factor was measured for as-received PV films and after they were 

integrated onto a laminate and subjected to strain to monitor the quality of processing. 

 

IV.  RESULTS AND DISCUSSION 

The stress-strain curves of the PV films and the composite laminate are shown in Figures 

2(a) and 2(b), respectively, resulting in elastic moduli of 10.4 GPa and 82.8 GPa, respectively. 

The strain attenuation in PV films directly integrated with the composite without and interphase 

material, was calculated by Equation (6) at y=t1 and y=t1+t2. Figure 2(c) shows no strain 

attenuation except for an edge effect originating in the problem solution. This is due to the fact 

that the effective stiffness, the product of the elastic modulus and layer thickness, of the 

composite is several orders of magnitude larger than that of the PV film.  

A compliant interphase can provide strain attenuation by accommodating the deformation 

induced by the composite laminate to create a through-the-thickness gradient of the applied 

strain. The requisite effective compliance of such an interface material depends on the effective 

stiffness of the underlying composite laminate and the PV film. Different ratios of the relative 

effective stiffness of PV film over the composite laminate were examined. The interface material 
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Table 1. Properties of PV film and composite laminate. 

 
Thickness (μm) 

Elastic Modulus 

(GPa) 
Poisson’s Ratio 

PV film (including 

supporting layer) 
52 10.4 0.3 

Composite laminate 1900 E1 = 82.8 ν12 = 0.223 

 

 

Figure 3. Strain attenuation for E3t3/E1t1 = 0.002. The units of E2/t2 are MPa/mm. 

  

 

IV.1 Strain Attenuation in PDMS Layer  

PDMS interface layers with various elastic moduli and thicknesses were fabricated and 

tested to study the possible tunability of the interface compliance. The stress vs. strain curves of 

PDMS for different mixing ratios of the silicone elastomer and the curing agent are shown in 

Figure 4(a). The relevant elastic modulus of PDMS was determined by linear fitting in a range of 

strains lower than 1.7%, which was the largest strain sustained by the composite laminate, and  

varied from 0.1 to 0.8 MPa, Table 2. . The correlation between PDMS thickness and spin-coating 
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rotational speed for different mixing ratios of PDMS was also determined as shown in Figure 

4(b). Table 2 lists the different types of PDMS layers prepared for the purposes of this work, 

with E2/t2 values in the range 1 - 50 MPa/mm. 

 

  

(a) (b) 

Figure 4. (a) Stress vs. strain curves of PDMS with different mixing ratios of the silicone 

elastomer and the curing agent. (b) Speed vs. thickness correlation for PDMS with different 

mixing ratios. 

 

Table 2. Elastic modulus of PDMS for different mixing ratios. 

Mixing ratio 

(Silicone elastomer/Curing agent) 
Elastic Modulus (MPa) 

5:1 0.87 

10:1 0.46 

33:1 0.1 

 

In the absence of an interface material, the composites were loaded up to 1.58% strain 

with practically zero measured strain attenuation, which confirmed that the deformation applied 

to the composite was fully transferred to the PV film. Figure 5 shows that fragmentation of the 
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(a) 

(b) 

(c) 
Figure 6. Tensile strain in the composite vs. the PV film (filled symbols) for strain attenuation 

(a) 67%, (b) 81%, and (c) 100%. The open symbols correspond to the strain in the PV layer in 

the absence of a PDMS interphase.  
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In the presence of a PDMS interface, the strain attenuation ranged from 36% to 100% as 

summarized in Table 2. Examples of the measured composite and PV film strain are given in 

Figure 6. The composite strain was as high as 1.76%, but the strain in the PV was as low as zero. 

For instance, sample PDMS4 with elastic modulus of 0.46 MPa of and 51 µm thickness produced 

81% strain attenuation: the strain in the composite reached 1.6% while the strain in the PV was 

only 0.31%, without fragmentation. Note that a post-mortem inspection showed no detachment 

between the PV film, the PDMS layer, or the composite. 

The effective stiffness of different PDMS interfaces vs. strain attenuation is plotted in 

Figure 7 and compared with model predictions. The comparison shows that the model 

predictions provide a very conservative measure of the required effective stiffness to attain a 

given value of strain attenuation, often by six times. Among the possible sources for this 

discrepancy are the model assumptions, specifically not accounting for the effect of bending, 

which could lead to overestimation of the tensile strain in the PV film, since the tensile loading 

to the composite could induce compressive strain to the PV film due to bending, and thus reduce 

the overall tensile strain in the PV layer. 

 

 

Figure 7. E2/t2 vs. strain attenuation. 
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IV.2 I-V Response vs. Composite Strain 

The I-V response of the integrated PV films was measured during the entire loading 

process. I-V curves for different strain attenuation ratios are plotted in Figure 8. Based on these 

curves, the fill factors were then calculated via Equation (13) for different strains and plotted in 

Figure 9. In the absence of an interface material, Figure 8(a), the fill factor declined after ~0.80% 

strain from the initial value of 0.73 to 0.59 when the composite failed at 1.58% strain. At 0.80% 

strain the aSi layer also began to fragment. On the other hand, in the presence of the PDMS 

interface, the fill factor maintained its initial value, even when the composite strain reached 

values as high as 1.76%. Several examples are shown Figures 8(b-d), with the fill factor 

maintained at its original value of 0.7 until the composite laminate reached its tensile strength. In 

all these three cases, the strain in the PV layer was maintained below 0.30%.  

As a final note, the effective compliance of PDMS can be tuned by changing either its 

thickness or the elastic modulus to reach a target ratio E2/t2. For instance, the elastic modulus 

alone could increase the strain attenuation from 36% to 100%. The versatility in the elastic 

modulus of PDMS allows us to address a broad range of underlining substrate and top layer 

combinations with a variety of values for the relative effective stiffness (E3t3/E1t1), since the ratio 

E2/t2 of the interface layer can be varied by as much as 3 orders of magnitude between 0.2 and 

200 MPa/mm to achieve the desired amount of strain attenuation. While selecting the values of 

E2 and t2 additional considerations arise from the minimum possible uniform thickness of the 

interface layer, the roughness of the composite laminate, the maximum acceptable thickness of 

the interface layer, and the bounds in the elastic modulus of PDMS for different ratios of the 

silicone elastomer and the curing agent. 
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(a) (b) 

(c) (d) 

Figure 8. I-V curves of PV films with (a) 0%, (b) 67%, (c) 81%, and (d) 100% tensile strain 

attenuation. 
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Figure 9. Fill factors of PV films under different strain attenuation values. 

 

 

V.      CONCLUSIONS 

 The introduction of an interface material to extend the maximum strain applied to a 

composite laminate before degradation of an integrated PV overlayer was investigated. In the 

absence of an interphase between the two materials, the PV layer begins to fragment at 0.80% 

strain, gradually losing its performance and functionality. An analytical model adopted for the 

purposes of this study showed that a compliant interface material provides strain attenuation that 

depends on its modulus-to-thickness ratio. While the model captured correctly the trends 

between strain attenuation and the ratio modulus-to-thickness of the interphase, it provided very 

conservative estimates for the required PDMS interphase. Different combinations of the elastic 

modulus and thickness of PDMS provided a broad range of E2/t2 values, from 1 to 50 MPa/mm, 

which were used as the control parameter to attenuate the transfer of composite strain to the PV 

layer by as much as 100%. As a result, the fill factor of the PV films maintained its high value 

until composite failure at 1.76% strain, whereas in the absence of PDMS the fill factor declined 

beyond 0.8% strain in the composite laminate. The work presented herein provides a framework 

for the design of compliant interphases in material systems with integrated functionalities, in 

order to control the transfer of strain/stress from a structural layer to a functional film. 
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