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Energy harvesting composites

Energy harvesting building materials

Energy harvesting textiles
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Fibers that:
1. convert heat to electricity

2. refrigerate

Heat

Electricity

Fabric

“Thermoelectric Fibers”

Patent Pending
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Fiber-based, woven thermoelectric generators

Yadav, Pipe, Shtein, in press

Metal-Based TE Fibers: Experimental Results

7 couples
(i.e. 7 junctions)

! Power generation demonstrated for prototype metal-based thermoelectric fibers

! Power generated is small due to intrinsically small Seebeck coefficient of metals
(S ! 10 µV/K, ZT ! 0.01 at T = 300K)

! >>> Half-Heusler (Zr,Hf)NiSn intermetallics have shown ZT = 1.5 at 700K*

! >>> More common thermoelectric materials such as Bi2Te3/Sb2Te3 have ZT = 1 at 300K

! Models for fiber TE devices allow prediction of performance for higher "T and other materials

*S. Sakurada and N. Shutoh, Appl. Phys. Lett. 86, 082105 (2005)
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Test set-up:

40

Also: Yadav, Pipe, Shtein, in press

Individual thermoelectric fiber prototypes

Patent Pending                        Manuscript in press
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Modeling of Heat Transfer (e.g. power loss) in TE Fibers

! Analytical (fin) heat transfer model taking into account convection shows good 
agreement with both experiment and numerical (ANSYS) simulation

! >>> Can use information about heat transfer to predict performance

Th

BC: h,T
!

BC:

x Tc

(symmetry)
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Yadav, Pipe, Shtein, in press

Projected Power Generation in Future Fibers

! Predicted power per couple vs. segment 
length for different hot junction tempera-
tures (assuming same experimental 
convective cooling conditions)

! Optimum segment length (length between 
junctions) exists according to:

!T increases
!T levels off, electrical 

resistance increase
dominates

! Potential power generation of 1 µW per 

couple for Bi2Te3/Sb2Te3-based TE fibers at 

~300K

! This could translate into power generation 
of order 1 mW/in2 for woven TE fabric

Th = 100 oC

h: heat transfer coefficient (fit)

k: fiber thermal conductivity

D: fiber diameter
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Yadav, Pipe, Shtein, in press

Planned:
Semiconductor-based thermoelectric fibers & fabrics

Potentially
capable of 
producing

~ 10 mW / in2

Patent Pending         Manuscript in press
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Fiber Shaped Organic Light Emitting Device** 

By Brendan O'Connor, Kwang H. An, Yiying Zhao, Kevin P. Pipe, and Max Shtein*  

Advances in fiber and fabric technology have been applied in a 

wide variety of contexts, ranging from structural composites to 

fiber-optic communications, and more recently, electronic 

textiles.
[1-3]

 There is growing interest in optoelectronic devices 

having a fiber form factor, including pulled fiber photodetectors,
[4]

 

optically pumped surface emitting fiber lasers,
[5]

 photoluminescent 

polymer-coated fibers,
[6, 7]

 fiber-based Grätzel
[8]

 and thin film 

semiconductor
[9]

 solar cells, as well as organic light emitting 

devices (OLEDs) on a fiber.
[10]

 Fiber-based OLEDs in particular 

have wide ranging applications from fabric integrated light 

sources to low cost solid-state lighting. However, there is a 

relative dearth of scientific literature providing a sound physical 

understanding of the impact that the fiber geometry has on device 

performance, or the challenges facing the realization of fiber-

based and fabric-integrated optoelectronics. 

In this work we focus on molecular organic compounds as the 

active device layers due to their inherent mechanical flexibility 

and compatibility with low cost device fabrication techniques.
[11, 

12]
 Using these materials, we demonstrate a fiber-based OLED and 

analyze the physical effects that arise due to the non-planar device 

geometry. The thickness of the active layers in these devices is 

approximately 100 nm, orders of magnitude thinner than the 

typical fiber diameter (e.g. 50 - 1,000 µm), suggesting that energy 

conversion functionality can be incorporated into an individual 

fiber without affecting its mechanical characteristics. Additionally, 

as will be analyzed below, the electroluminescence spectrum is 

measured to be independent of the observation angle, which is in 

contrast to planar OLED geometries. 

An archetypal OLED structure is considered,
[13]

 as illustrated in 

Figure 1a, and applied to the fiber geometry, Figure 1b. The 

OLED consists of organic charge transport and emission layers 

sandwiched between a metallic anode and cathode. For the fiber-

based device the layers were deposited conformally onto a 480 µm 

thick polyimide-coated silica fiber using vacuum thermal 

evaporation at 10
-6

 Torr; the cathode was deposited through a 

shadow mask. (Please refer to the Experimental section for details 

on device growths.) Figure 1c shows a photograph of a 1 mm 

segment of the OLED formed concentrically around the fiber, 

emitting characteristic green light under forward electrical bias. 

Light emission in this device occurs through the semitransparent 

outer electrode. For a direct comparison of optoelectronic 

performance, a similar OLED structure was deposited on planar 

silicon and polyimide substrates, as will be discussed below. 

Figure 2 compares the current density-voltage (j-V) 

characteristics of fiber OLEDs to those of the analogous planar 

devices. The similarity in the current-voltage relationship between 

the planar and fiber cells suggests comparable layer thickness of 

the hole and electron transport layers on either type of substrate.
[14, 

15]
 The slightly larger leakage current at low bias (< 2.5 V) in one 

of the fiber-based devices is attributable to the greater surface 

roughness of the fiber substrate. 

 

 

Figure 1. (a) An illustration of a typical organic light emitting device 

(OLED) structure, along with (b) an illustration of a fiber-based 

OLED structure analyzed in this report. (c) A photograph of a flexed 

fiber having a 1 mm green light emitting “pixel” turned on. 

While the electrical characteristics do not differ materially 

between the fiber- and the planar-shaped OLEDs, their emission 

characteristics are expected to differ substantially due to the 

microcavity effects typical of OLEDs. Specifically, the 

microcavity effects present in the planar device structure lead to a 

strong variation in the peak wavelength with emission angle.
[16, 17]

 

Figures 3a and b show the electroluminescence spectra of the 

planar devices on silicon and polyimide substrates for different 

observation angles. The peak of the emission is shifted by as much 

as 40 nm on going from the normal to the in-plane observation 

angles. In contrast to the planar devices, as Figures 3c and d show, 

the fiber OLED exhibits an emission spectrum that is invariant  
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Changing the Shape of OLEDs:  Fiber Substrate

O’Connor et al., Advanced Materials (2007, accepted)

organics

Organic LED Fibers

Active coating = 1/1,000 of fiber thickness

Patented                        Manuscript in press
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Fiber OLEDs have uniform color output

 2 

 

Figure 2: Current density-voltage (j-V) characteristics of the fiber 

and planar OLEDs. The planar OLEDs were deposited on silicon 
and polyimide substrates. The similar behavior between devices 
suggests comparable organic layer thicknesses. One of the fiber 

devices exhibits increased leakage current, attributed to substrate 
surface roughness leading to increased current shunt pathways.  

 

Figure 3: Emission spectrum with variation in observed angle for 

(a) planar top-emitting OLED on silicon substrate; (b) planar top-

emitting OLED on polyimide substrate; (c) fiber OLED with variation 

in azimuthal angle !; and (d) fiber with variation in zenith angle ". 

Normal emission is taken as 90° and the inset schematics illustrate 

the direction of angular variation. It is shown that the spectral 

character of the fiber is invariant to observation angle in contrast to 

the strong angular dependence observed in the planar devices.  

 

 

Figure 4: The spectral full width half maximum (FWHM) for the 

planar and fiber devices with variation in observed angle. The 

observation angle for each device is defined in Figure 3. The planar 

OLEDs show similar and strong variation in FWHM, while the fiber 

devices show invariant angular behavior. 

with viewing direction. The origin of this behavior can be 

understood in terms of combined emission from a continuum of 

small planar OLEDs positioned around the circumference of the 

fiber. Indeed, as Figure 4 shows, the full width half maximum 

(FWHM) of the EL peak is invariant with angle for the fiber 

OLED, but is larger than the FWHM for the planar OLEDs over 

the majority of observation angles. 

Figure 5 compares experimental and predicted integrated 

emission intensity versus angle, where the model considers 

radiation from an isotropic distribution of oscillating dipoles 

confined within a microcavity.
[18]

 The experiment and theory 

match well, with small deviations at off-normal emission angles 

attributable to increased scattering by surface imperfections. For 

comparison, a purely Lambertian emission pattern is also shown in 

Figure 5. Based on this light emissive behavior, and considering 

all directions of emission from the fiber and planar devices, the 

corresponding external quantum efficiency (#EQE) versus current 

density is shown in Figure 6.
[19]

 The efficiency of the “Fiber 1” 

device approaches that of the planar devices, with the difference 

attributable to minute variations in the anode and cathode 

thickness and roughness,
[20]

 both of which can depend on the 

sticking coefficient of the adatoms, which in turn depends on the 

angle of arrival at the substrate. 

The findings described above identify physical properties 

unique to the fiber geometry, with the potential for a wide range of 

applications (e.g. solid state lighting). We note, however, that the 

fiber geometry also presents unique challenges for processing, 

including, for example, the challenge of encapsulation for 

prolonged operational lifetime. It is anticipated, however, that the 

recent developments in the techniques for monolithic 

encapsulation of flexible OLEDs using parylene
[21, 22]

 and 

multilayer coatings
[23, 24]

 such as Barix™
[25]

 are highly compatible 

with the fiber geometry and fabrication technique. 

In summary, a considerable amount of research has emerged 

dealing with the EL spectral behavior of OLEDs,
 [16, 26-30]

 

specifically the microcavity effects that lead to variation in the 

emission spectrum with angle.
[18, 31-34]

 Additionally, there has been 

growing interest in non-planar device geometries for device 

applications.
[1, 35]

 In this study, we have experimentally and  
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Photovoltaic (solar cell) fibers and fabrics: Initial Results

Potentially
capable of
producing

~ 10 mW / in2

Cell number

Patented                        Manuscript in press
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Total cost: 8.5 $/Wpeak

(Excluding subsidies and incentives)

Cost of PV in detail:

V. Gowrishankar et al.; 
Proc. 4th World Conf. on Photovoltaic Energy Conversion (2006)

Fiber-based solar cells enable integration by textile processing,
reducing both Module & Installation costs

9



Current (batch) fabrication technique
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33Fiber & Bundle OPV Performance

Planar cell

Fiber cell

Bundled Fibers

1. Fiber bundle performance 

    approaches that of ITO-based cells

2. Can predict device efficiency

O’Connor, Pipe, Shtein, in preparation

34Future Work: Scale-up of organic PV cells (on fiber)

• Scalable processing methods are available for Active & Barrier Films

Scalable fabrication techniques tested previously

& will be applied to fibers
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Example: Targeted applications in aerospace
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