
ABSTRACT 

GUPTA ROY, SUBHARUP. Intrinsic Coincident Linear Polarimetry using Stacked Organic 

Photovoltaics. (Under the direction of Michael W Kudenov.) 

 

Measuring 2-D Stokes vector, to determine the polarization state of light, finds application in 

multiple areas, including the characterization of aerosol size distributions, military applications 

(e.g., target detection), quality control, resolving data channels in telecommunications, and in 

biomedical imaging. Several existing methods of imaging polarimetry trade off the sensor’s 

spatial resolution for polarimetric resolution, and often have some form of spatial registration 

error. To mitigate these issues, we developed a system that uses organic photovoltaics as 

photodetectors. The active area of the devices have strain aligned polymer chains in a periodic 

arrangement, resulting in preferential absorption of incident light, based on its polarization 

state, i.e. the polymer absorbs maximum light when the incident polarization is parallel to the 

orientation of the polymer chains, and vice versa. Furthermore, taking advantage of the cells’ 

transparency and ease of processing, compared to inorganic materials, several devices can be 

cascaded along the optical axis. We use three cascaded OPVs, where each device can measure 

one of the three linear Stokes parameters simultaneously, thereby ensuring high spatial and 

temporal resolution, along with inherent spatial registration. Also simultaneous measurement 

of the 2-D linear Stokes parameters guarantee high temporal resolution. In this thesis, the 

fabrication of the OPVs and the design and calibration technique of the intrinsic coincident 

polarimeter is documented along with experimental data, supporting the hypothesis. Our 

results indicate polarization measurement error of 1.2 percent RMS and an average absolute 

radiometric accuracy of 2.2% for the demonstrated polarimeter. 
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Chapter 1  : Introduction 

1.1 Overview 

Light is an electromagnetic wave with oscillating electric and magnetic fields, orthogonal to 

one another. By convention, polarization describes the spatial orientation of the 

electromagnetic field of light. The polarization angle of light is dictated by the direction of 

oscillation of the electric field. If the vibrations of the electric field are completely random, the 

light beam is said to be unpolarized. However, it should be noted that each photon emitted by 

a light source is always polarized. In case of unpolarized light, the polarization of the stream 

of emitted photons are haphazard and random. Hence, when a number of these photons are 

incident on a detector, over a certain time period, the light beam appears unpolarized. If the 

light source emitted photons with similar polarization, the detector will observe polarized light. 

Light can be unpolarized, linearly polarized, and circularly polarized, as seen in Figure 1. 

 

Figure 1: Schematic of a light ray with unpolarized, linear and circular polarizations [1]. 
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The figure depicts an unpolarized light beam, being incident on a linear polarizer, and being 

modified to be linearly polarized. Further downstream, a quarter waveplate, upon illumination 

with the linearly polarized beam, emits circularly polarized light. 

Polarimetry is the field of study that quantifies the polarization state of light. When a light 

beam interacts with different objects or mediums, whether found in nature [2] or manmade [3], 

the state of polarization of the light beam can be changed. Several animals use light polarization 

for communication between each other or to divert predators such as scarab beetles [2]; as seen 

in Figure 2(a) and (b). Cuttlefish have been proven to possess the most polarization sensitive 

vision, and are able to distinguish polarization changes as small as 1.05o [4]. The human eye, 

although capable of detecting light wavelengths of 390-700 nm [5], and also able to distinguish 

changes in intensity of light, lacks any evolutionarily implemented polarization sensitivity. The 

abundance and significance of polarization in nature give rise to the need to develop a detector 

that can provide us with information, regarding the polarization state of light. Currently 

available tools that essentially detect and measure the polarization states of light are termed 

polarimeters.  
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Figure 2: (a) and (b):Reflection of circularly polarized light from the scarab beetle (scientific name: 

Crysina gloriosa) [2]. (c): The top image shows a frontal view of a cuttlefish Sepia officinalis with 

iridescent blue iridophore arm stripes (RGB image). The bottom image shows the degree of 

polarization coded in false color (see scale on right side for degree of polarization) [4]. 

A Stokes vector (S) contains four Stokes parameters S0, S1, S2 and S3, which numerically 

describe the polarization state of any fully or partially polarized light beam. As depicted in 

Figure 3, for any light with a specific intensity, wavelength and polarization state there is a 

corresponding two dimensional Stokes vector (S(x,y)) to describe it. Among the four Stokes 

parameters, S0 holds information about the total light intensity, the linear polarization state of 

the light is determined by S1 and S2, while S3 corresponds to the circular polarization of light. 

Polarimeters essentially perform a quantitative measurement of the aforementioned Stokes 

parameters of a light beam. In our research, we have developed a linear polarimeter, which can 

measure the linear polarization states of light, (i.e., S0, S1, and S2, while S3 information is not 

measured). 
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Figure 3: Stokes parameter matrix and the relation of each row to the polarization of light. 

1.2 Motivation 

Designing and developing an intrinsic linear polarimeter, while exploiting the unique property 

of polarization sensitivity of polymer semiconductor based photodetectors, was the objective 

of our research. As mentioned above, polarimetry is defined as the quantification of polarized 

light.  

In recent years, polarimetry has been successfully adopted as an integral part of various notable 

industries. A noteworthy example include polarimetry based molecular chirality measurements 

in the pharmaceutical industry. This represents an industry evaluated at over $800 million in 

2011 [6]. Furthermore, an indispensable part of the $40 million semiconductor manufacturing 

industry [7], is ellipsometry. The change of light polarization, when it interacts with a thin film 

can provide a lot of information about the thin film itself. Ellipsometry is used to measure a 
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film’s optical constants, including film roughness, composition, thickness, and electrical 

conductivity. A polarimeter serves as the detector of the ellipsometer [8].  

Apart from the applications of polarimetry in ellipsometry, and quality control in industrial 

processes [9], it also affects parts of the massive ($5 trillion in 2011 [10]) telecommunications 

industry. Polarimetry facilitates signal multiplexing and demultiplexing [11, 12], which is an 

integral part telecommunications. Bio-medical imaging also seeks uses of polarimetry [13]. 

Polarization detection finds applications in the endoscopic imaging industry as well, which 

exploits roughly a $25 billion market [14].  

Other significant fields, which enjoy the contributions of polarimetry include atmospheric 

sciences for aerosol detection [15, 16], extrasolar planet detection in astronomy [17], remote 

sensing [18], etc. Polarimetric imaging is widely practiced in deep space imaging. Exoplanets 

are unsuitable for direct observation because of the small separation of celestial bodies, and 

large contrast between unpolarized starlight and linearly polarized light, which is scattered by 

dust, debris and even planet atmospheres. This contrast can be significantly reduced by 

imaging polarimetry, thus allowing better imaging of deep space. Uses of polarimetric imaging 

in atmospheric sciences can be observed in Multiangle SpectroPolarimetric Imager (MSPI), 

which was aimed at aerosol detection, and was considered for National Research Council 

Decadal Survey’s Aerosol-Cloud-Ecosystem (ACE) mission [15, 16, 17]. MSPI incorporates 

high-accuracy polarimetric imaging, along with Multiangle Imaging SpectroRadiometer 

(MISR) and other aerosol detecting methods. 
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1.3 Thesis contribution 

Intellectual Merit 

In most of the state of the art polarimeters, as described later in Section 2.2, there is a trade-off 

between temporal and spatial resolution. In order to resolve this issue, it is required to design 

a new polarimeter, which can increase the accuracy of both temporal and spatial resolutions. 

Hence, an intrinsic, coincident polarimeter architecture is addressed in this research.  

Our approach is based on strain aligned polymer semiconductor photodetectors or organic 

photovoltaics (OPVs). The inherent anisotropy of strain aligned polymer semiconductors, as 

explained in Section 2.4, along with their ability to achieve tunable transparency, makes this 

approach feasible. Based on this singular property of OPVs, we were able to achieve, inherent 

spatial registration, spectral selectivity, and simultaneous measurements for all three Stokes 

parameters. The simultaneous measurements allowed us to ensure that there was no loss of 

temporal resolution. The key feature of our research over the state of the art is that, although 

there exist intrinsically polarization sensitive detectors, their lack of transparency does not 

allow them to be applied as coincident detectors [20, 21]. 

Broader Impact 

As mentioned earlier, polarimetry is integrated with many different types of sensor 

technologies. Therefore, advancing polarimetry will significantly improve sensing capabilities 

for applications that may vary as widely as climate change analysis to healthcare, which in turn 

will provide broad societal impacts. The low cost of our new polarimeter design, and easy 
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availability of all the materials, used in this research, opens up the possibility of adopting this 

technique for a number of commercial applications. This research could potentially lead to the 

first large-scale commercialization opportunity for OPVs [22, 23]. 

1.4 Thesis Organization 

The entire thesis is divided into eight chapters. 

Chapter 1 provides an overview of the field of polarimetry and its applications. It also describes 

the contribution of this research, and its merits and impacts. 

Chapter 2 explains the foundation, terminologies and concepts used for this research work. It 

discusses some of the other work conducted in the area of model discrimination and points out 

how the work presented here is different from the traditional approaches. It also provides a 

detailed description of organic photovoltaic devices, along with a step by step procedure for 

fabricating such devices. Some electrical characteristics of the OPV devices that were used in 

our experiments are also detailed in this chapter. 

Chapter 3 provides the model of our polarimeter system, and details the mathematical 

fundamentals, which serve as the cornerstone of our proposed method. 

Chapter 4 includes an explanation and required experiments, in order to determine the optical 

characteristics of the OPVs. 

Chapter 5 explains the calibration procedures, required for our polarimeter design. It describes 

the radiometric and polarimetric calibration processes and explains the need to separate the 

two processes that are usually performed simultaneously. Validity and accuracy of the 
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mathematical models are explained in this chapter, along with experimental data to support our 

claims. 

Chapter 6 includes the results obtained from the experiments. It also demonstrates the 

comparison of experimental results and model based simulations.  

Chapter 7 summarizes the work presented in this thesis and discusses the possibilities of future 

work related to this research, and how the linear polarimeter can be extended forward to design 

a robust, compact, complete, intrinsic polarimeter. 
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Chapter 2  : Background 

2.1 Overview 

This chapter focuses on the attributes of the current state of the art polarimeters and discuss 

their pros and cons. Conventional methods, such as channeled (CH) [3] and division of focal 

plane (DoF) polarimeters [18], usually limit spatial resolution, while others, like division of 

aperture (DoA) [25] or division of amplitude (DoAM) [19] polarimeters, have higher 

complexity and less compactness. Channeled and DoF polarimeters exhibit compact designs 

by using a spatially modulated birefringence pattern or by use of a polarization mask of super-

pixels, respectively. However, the spatial resolution of these techniques are limited, since the 

required number of measurements (e.g. 3 for a linear Stokes polarimeter and 4 for a full Stokes 

polarimeter) are performed by adjacent pixels. Although, the design, proposed by Azzam [31], 

allows polarimetric evaluation of the same incident beam (the beam is not split by beam 

splitters as in the case of other designs), his system has limited flexibility with angle of 

incidence due to its use of cascading, opaque detectors, which require a certain amount of 

spatial separation due to their reflective nature.  

Some of the most notable polarimeter architectures are enlisted in Table 1. Division of time 

(DoT) [32,33] polarimeters are most common, and they record four intensity measurements 

using rotating polarizers. However, the powers are recorded at different instances of time, and 

thereby this method suffers from a lack of temporal resolution. The issue with temporal 

resolution has been solved by snapshot imaging polarimeters. Division of focal plane (DoF), 
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channeled (CH), division of amplitude (DoAM), etc. all provide excellent temporal resolution 

[30].  

Table 1: Table depicts the advantages and disadvantages of various state of the art polarimeter 

architectures. Acronyms: Division of Time (DoT)[32,33]; Division of Amplitude (DoAM)[18,24]; 

Division of Aperture (DoA)[25]; coboresighted (CB)[24,26]; channeled (CH)[3,27]; Division of Focal 

Plane (DoF)[28,29]. 

Technique Size Weight Power Cost Calibration Registration 
Temp. 
Res. 

Spatial 
Res. 

DoT         

DoAM         

DoA         

CB         

CH         

DoF         

 

In the following section, some of the successful polarimeters are described, followed by a brief 

introduction to our proposed method in Section 2.3. 

2.2 State of the art 

Modulation of the incident light, utilizing various methods, lays down the groundwork for most 

imaging polarimeters [16]. As mentioned earlier, a very common type of polarimeter, e.g. DoT 

polarimeters use variable polarizing elements to modulate the scene before imaging it [32,33]. 

DoT polarimeters consist of a simple architecture.  As depicted in Figure 4(a), there is a 
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variable rotating retarder, followed by a linear polarizer, and this combination basically 

modulates the input signal, to generate different polarization states of light, which get imaged 

by the camera. In this setup, the same scene is being imaged through differently polarized 

filters. Each image contains information on a certain polarization state, and together the images 

are analyzed to determine the incident Stokes vector. It should be noted that the advantages 

that DoT polarimeters provide in terms of simplicity of architecture and calibration procedure 

is marred by the loss of temporal resolution. Temporal resolution is compromised, because the 

images are captured time sequentially, and thus the DoT polarimeters are ineffective for 

moving scenes.  

 

Figure 4: (a) Schematic of a simple DoT polarimeter. (b) Illustration of a DoAM polarimeter. BS stands 

for beam-splitter. PO stands for polarization optics. 

Figure 4(b) illustrates the architecture of a DoAM polarimeter. In this case, the beam is split 

up by beam-splitters, and each beam follows a separate path [31-36]. The different paths 

transmit the beams through different polarization optics, before being detected by an imaging 

device. Each path has its own image plane, which arises the complexity of image registration 



 

12 

during post-processing. Also the polarizing optics essentially consist of separate retarders and 

diattenuators, which render the alignment process to be tedious.  

A very successful polarimeter architecture is the DoF polarimeter. Since, the DoF is essentially 

a monolithic structure, it is popularly used for outdoor measurements, and such a structure also 

provides a robust design. A DoF polarimeter system is depicted in Figure 5 [37-47]. A focal 

plane array (FPA) is divided into 4 4  arrays of super pixels. Each pixel is covered with micro-

polarizers. As shown in the diagram, the micro-polarizer array is arranged, such that each 

individual pixel detects the intensity for a different polarization state of light.  

 

Figure 5: Division of Focal Plane (DoF) polarimeter with four wire grid polarizers and four detectors 

for a single pixel (super pixel). 

The simultaneous acquisition of all the components, required to reconstruct the incident Stokes 

vector, allow the DoF to be significantly advantageous over the DoT. Temporal resolution is 

inherently preserved, and thereby the motion-blur issues, associated with DoT are considerably 

resolved. However, the high precision of temporal resolution is obtained at the cost of spatial 

resolution. Since, four pixels are combined together to act as a super pixel, the resolution of 

the image is reduced four times. Hence, a focal plane array (FPA), with 100 100  pixels, will 
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record an image, which has a resolution similar to that of an FPA, with 25 25 pixels. Also, 

the DoF is prone to certain errors such as pixel-pixel crosstalk, pixel registration errors, etc.  

   

2.3 Thesis approach 

In this thesis, an optoelectronic approach to design what we refer to as an intrinsic coincident 

polarimeter is described. The issue of coincident spatial sampling while simultaneously 

sampling the polarization in one instant in time has been addressed. This polarimeter is based 

on semitransparent, strain-aligned semiconductor polymer-based organic photovoltaics 

(OPVs). OPVs, with biaxially oriented semiconductor polymer chains, are sensitive to 

polarization; thus, their photogenerated current changes depending on the alignment of the 

polymer chains with respect to the incident light’s linear polarization state. The OPVs were 

fabricated by the O’Connor Research Group, Mechanical and Aerospace Engineering, North 

Carolina State University. In this design, three semi-transparent OPVs were cascaded and 

aligned, as depicted in Figure 6, such that each OPV can (notionally) measure one of the first 

three Stokes parameters. 
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Figure 6: A linear polarimeter of vertically stacked semi-transparent polarized organic photovoltaic 

devices. 

In this design, light is partially absorbed by the first detector and is transmitted through to the 

next OPV. Each of the first two OPVs is light polarization sensitive, and the third OPV is 

unpolarized. When light passes through each of the OPVs, a current can be measured out of 

each of the devices at a specific reverse bias voltage. Based on the power measurements, from 

each of the OPVs, the Stoke parameters of the incident light can be determined if the 

measurement matrix (W) for the three OPV system is known. The design and the mathematical 

foundation is detailed in Chapter 3 . 

Spatial registration errors are minimal for this design, since the OPVs are semi-transparent, 

and the photo-current, generated by each OPV, is essentially triggered by the same incident 
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beam. Issues with spatial resolution and sampling artifacts can potentially be resolved when 

2D arrays are created using the same concept. 

2.4 Properties of strained organic photovoltaics 

A well-controlled level of polarization sensitivity, in organic photovoltaic cells (OPVs), has 

been demonstrated by Awartani et. al [48]. This was achieved using a unique characteristic of 

polymer semiconductors: an optical transition dipole moment *( )   that is aligned along 

polymer backbone [49, 50]. Hence, uniaxial alignment of the polymer backbone, in the plane 

of the film, results in anisotropic opto-electronic behavior. The opportunity to develop 

polarization sensitive OPVs was provided by this singular property.  

In order to align poly(3 hexylthiophene):Phenyl-C61-butyric acid methyl ester (P3HT:PCBM) 

blend films and show high performance tuned polarization sensitive bulk heterojunction (BHJ) 

OPV cells, a similar process previously demonstrated for neat P3HT films [51], was used. This 

process aligns the P3HT backbone by uniaxial straining of the P3HT:PCBM film, while on a 

polydimethylsiloxane (PDMS) elastomer substrate. Figure 7 depicts the difference between the 

isotropic and anisotropic films. In the isotropic film, the polymer chains are distributed 

uniformly, while upon application of strain, the polymer chains get aligned along the direction 

of the strain, e.g., along x-axis. 
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Figure 7: An illustration of polymer chain alignment in BHJ film. Isotropic film metamorphs to 

anisotropic film on application of strain, since polymer chains align along strain direction. 

Figure 8(a) depicts that polarized absorbance of the strained films increase with strain, up to 

50% strain, beyond which starts to flatten. However, the decrement in perpendicular polarized 

absorption continues to decrease with increasing strain. Flattened profile of the parallel 

polarized absorption plots have been attributed to competition between the increase in chain 

alignment process, and resultant thinning of the film due to plastic deformations. 

 

Figure 8: (a) Plot of absorbance versus wavelength at different strain percentages, as applied on the 

P3HT:PCBM layer, under linear polarization states that are polarized either parallel or perpendicular 

to the strain direction. Meanwhile, (b) illustrates the I-V curves of the devices at different strains and 

Isotropic Anisotropic 

y 

x 

y 

x 



 

17 

under different polarizations of incident light. “Para” and “Perp” signifies linear polarization states that 

are parallel or perpendicular to the oriented polymer chains, respectively [48]. 

As described in Figure 8(b), the polarized OPV device response is dominated by the variation 

in short circuit current and directly related to polarized light absorption anisotropy. The current 

density–voltage relationship for strain-aligned OPV cells under polarized light parallel (para) 

and perpendicular (perp) to the strain direction with an intensity of 41 mW/cm2 is provided. 

The data are presented for 0%, 50%, and 100% strained P3HT:PCBM films. As depicted in 

the figure, the 0% strained device does not exhibit any significant difference in performance 

for different polarization states of incident light. Upon application of strain, which in turn 

increases the devices’ polarization sensitivity, there is a stark difference in current density for 

parallel and orthogonally polarized incident light.  

In order to provide a general idea, the external quantum efficiencies (η) and short-circuit 

currents (JSC), of the devices, processed under various strain conditions, have been provided in 

Table 2. It can be seen that the average efficiency of the devices under parallel polarized 

incident light was 3.27%, while that under perpendicular light polarization was 2.6%. Also, 

the JSC exhibited an average difference of 0.764 mA/cm2 for parallel and perpendicular 

orientations. Thus, a marked difference of external quantum efficiency and short-circuit current 

can be observed, depending on the polarization state of the illuminating beam. 

Table 2: Optical and electrical characteristics of strain aligned OPV cells with various applied strains 

tested under polarized light parallel and perpendicular to strain direction. Data include the solar cell 

efficiency (η), and short circuit current (JSC) [48]. 
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Strain (%) Orientation η (%) JSC (mA.cm-2) 

0 Parallel 3.01 3.93 

0 Perpendicular 3.05 3.98 

25 Parallel 3.54 4 

25 Perpendicular 3.22 3.7 

50 Parallel 3.63 4.09 

50 Perpendicular 2.78 3.26 

75 Parallel 3.25 3.67 

75 Perpendicular 2.12 2.63 

100 Parallel 2.90 3.53 

100 Perpendicular 1.81 2.23 

 

2.5 Fabrication procedure 

The device’s fabrication procedure followed a bottom-up approach. As depicted in Figure 9, 

the device consists of a layered structure. ITO (Indium tin oxide) covered glass wafers were 

used as substrates, which were cleaned with deionized water, and acetone as the first step of 

the fabrication process.  
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Figure 9: A cross-sectional view of the OPV device structure. 

Following wafer cleaning, as illustrated in Figure 10(a), a layer of photoresist was spin-coated 

on the wafer. Photoresist spin-coating was performed at 2500 rpm for 30 seconds. After the 

samples were dried for 20 minutes, they were annealed for 7 minutes at 57o C. Figure 10(b) 

depicts the sample structure after the soft bake process. Next, the samples were photocured for 

1 hour. Following this step, the patterned photoresist was baked at 215o C, also known as a 

‘hard bake’. Upon treatment with hydrochloric acid, the excess ITO was etched away, leaving 

the patterned ITO on the glass substrate. The photoresist was now completely removed, and 

the substrates were once again cleaned with deionized water, acetone, and isopropyl alcohol. 

As shown in Figure 9, the ITO was coated by a 10 nm thick layer of ethoxylated poly-

ethylinimine (PEIE). PEIE spin-coating was done at 5000 rpm, for 60 seconds.  
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Figure 10: Step by step fabrication process. (a) Photoresist on glass. (b) Patterned photoresist on glass. 

(c) Patterned ITO on glass; PEIE layer on ITO layer. (d) P3HT:PCBM active layer printed on PEIE. 

(e) MoOx and Gold deposited on active layer to act as electrode. 

On top of the PEIE layer, the active layer (P3HT:PCBM) was printed. The active layer was 

prepared on a separate regular glass substrate. PEDOT:PSS was spin cast on the cleaned glass 

substrate at 5000 rpm for 60 seconds, followed by annealing at 120o C for 20 minutes. A 

P3HT:PCBM solution, with concentration of 20 mg/ml, was spin cast onto the substrate at 

1000 rpm for 60 seconds. The film was transferred to PDMS, as shown in Figure 11 (i), and 

was subjected to strain, such that the length of the film increased by 30%. In cases where 

isotropic films were required, the strain was not applied. The straining process was followed 

by printing the film on the receiving substrate, as illustrated in Figure 10 (d). 
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Figure 11: The printing process of P3HT:PCBM active layer. (i) P3HT:PCBM transferred to PDMS, 

(ii) strain applied on PDMS, polymer chains get aligned along strain direction, (iii) active layer printed 

on receiving substrate. 

Once again the substrates were annealed at 130 oC for 10 minutes. A 15 nm thick, hole 

transporting layer of molybdenum oxide (MoO3) was deposited on the active layer, followed 

by physical vapor deposition of a 10 nm thick gold layer, which acted as the electrode.  

The OPV’s final structure is depicted in Figure 12, illustrating the gold and ITO layers, along 

with the glass substrate and the active area. As shown in the diagram, there were two separate 

deices on each substrate. The device, with higher external quantum efficiency, was used for 

our experiments. 

 

Figure 12: Diagram showing the final structure of OPV device. Each substrate contained two separate 

devices. The device with higher quantum efficiency was used for our experiments. Inset: A snapshot 

of the fabricated device. Device 1 was chosen and wire contacts were made. 

BHJ 
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2.6 Electrical characteristics 

The power conversion efficiencies of the devices were then tested under polarized light, 

parallel and perpendicular to the polymer’s alignment direction at a power of ~50 mW/cm2. 

Device characteristics for an unstrained and 30% strained semi-transparent OPV are shown in 

Figure 13(a) and (b) respectively. Figure 13(a) depicts the transmission versus wavelength 

plots of the devices. It can be seen that there is significant response from the OPVs for 

wavelengths varying from 450 nm and upwards, where it peaks around 530 nm, and finally 

fades away at approximately 650 nm. 

 

Figure 13: (a) Plot of transmission versus wavelength, for the device under linear polarization states 

that is polarized either parallel (Para, ) or perpendicular (Perp,  ) to the strain direction. The 

transmittance of the gold electrode with MoOx layer (Elect.) is also provided. (b) The I-V curve of the 

device under polarized illumination with broad spectrum light at approximately 50 mW/cm2. This is 

compared to an unstrained OPV cell (O). 
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This property of the devices determine the range of wavelengths, for which the polarimeter 

design can perform satisfactorily, and it can be concluded that the polarimeter can be 

effectively used for incident light spectrum ranging from 450 – 600 nm. The ‘Elect’ plot, as 

seen in Figure 13(a), illustrates the transmission of a MoO and gold layer, thereby confirming 

that most of the absorption, as seen by the system, occured in the active heterojunction layer 

of the devices.  

As shown in Figure 13(a), the diattenuation is observed by comparing the OPV’s transmittance 

under orthogonal linear polarizations. The greatest transmittance is found for incident light 

perpendicular to the strain-alignment direction, indicative of weaker absorption of the 

P3HT:PCBM layer. Meanwhile, anisotropy is also observed in the photogenerated current. The 

current-voltage characteristics of a 30% strain-aligned and unstrained device, under 

illumination by polarized light parallel and perpendicular to the strain-alignment axis, is given 

in Figure 13(b).  The short-circuit current varied radically, depending on the polarization state 

of incident light. Hence, it was concluded that the fabricated devices exhibited significant 

polarization sensitivity, and were thereby suitable for the polarimeter’s design. It should be 

noted that unstrained devices are independent of the linear polarization orientation. Therefore, 

the unstrained devices simply behave as photodetectors, which measure the total incident light 

intensity 
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Chapter 3  : Polarimeter model 

3.1 Overview 

Chapter 3  discusses the free space polarimeter model, based on which the experiments were 

setup. It details the mathematical model, and the theory. The model is illustrated and explained 

in Section 3.2, while Section 3.3 delves deeper into the mathematics, which defined our 

approach. 

3.2 Free space polarimeter model 

A schematic of the free space polarimeter is illustrated in Figure 14. As depicted in the diagram, 

the polarimeter essentially consists of three stacked OPV devices (e.g. OPV1 through OPV3). 

A laser is shown as the light source and light travels along positive z direction. The polarimeter 

is comprised of three OPVs. OPV1 is aligned such that it primarily absorbs light polarized at 

0o with respect to x-axis. OPV2 exhibits maximum absorption for light polarized at 45o with 

x-axis, and OPV3 is insensitive to polarization and only detects the intensity of incident light. 

Figure 14 (a) shows the strain aligned structure of the polymer chains, which result in 

preferential absorption of light at different states of polarization, while Figure 14 (b) depicts 

the isotropic distribution of polymer chains in the photoconductive film. 

The reason behind fabricating semi-transparent OPV devices, as mentioned in Chapter 2 , was 

to achieve the stacked OPV design. As a result of this new structure, we ensured inherent 

spatial registration of the measured polarization state. During fabrication of OPV1 and OPV2, 

the active area of the devices had undergone 30% strain. Figure 14 (a) exhibits the anisotropic 
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alignment of the polymer chains, along the strain direction, in the devices.  However, the active 

region of the OPV3 device was unstrained, and thereby shows random, isotropic arrangement 

of the polymer chains, as depicted in Figure 14 (b).  

 

 

Figure 14: A schematic representation of the polarimeter model. Approximate polymer chain 

alignment is illustrated in (a) for strained and (b) for unstrained cells. 

Assuming that the system is illuminated along the z-axis, OPV1 was aligned along x-axis (i.e. 

OPV1 absorbed the maximum amount of light when the incident beam is linearly polarized 

along the x-axis). Similarly, OPV2 was oriented such that it was at 45o to the x-axis, while 

OPV3 could be oriented at any angle due to the device’s unstrained nature. 
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3.3 Theory behind polarimeter model 

Mueller calculus was used to construct a mathematical model of the polarimeter. A general 

diattenuator’s Mueller matrix can be expressed as 
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where DT (diattenuation) and ET are defined as, 
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such that Tx  and Ty  are transmittances of the x and y eigenstates, respectively. DT is the 

diattenuation value, and essentially lies within a range of 0 to 1, and R(θ) is a rotation matrix, 

defined as 
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The Mueller matrix of a general retarder can be defined as,  
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RM R R   (3.3.4) 

where φ is the phase delay. Incident light could transmit through the semi-transparent devices 

and the polarization state of light (ST), transmitted through a single strain-aligned OPV, can be 

modeled as 

     ,   LP R D LPT IS M ×R ×M ×M ×R M ×S   (3.3.5) 

where MLP was the Mueller matrix of a linear polarizer, and can be expressed as 
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LPM   (3.3.6) 

The mathematical model was constructed using the conservation of energy relationship  

 1,T A R     (3.3.7) 

where T, A, and R is the OPV’s transmittance, absorbance, and reflectance, respectively. For 

the purposes of our model, we assumed that the cell’s reflectance R = 0. Ultimately, the 

reflectance was measured to be close to 4 percent for a standard air-glass interface. However, 

most critical to the model is that the reflected light did not show polarization dependencies 

when measured at near-normal incidence. Therefore, the assumption that 0R   did not 

incorporate any significant errors to the model. 
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With these assumptions, each OPV’s absorption Mueller matrix was modeled as per Equation 

(3.3.1), where D and E were modified such that  
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where Ax and Ay are the absorbance of the x and y eigenvectors, respectively. Analyzer vectors 

of each OPV, after illumination by a sequence of known Stokes vectors, were determined by 

combining Equations (3.3.5) and (3.3.8). Each OPV is modeled as a Mueller matrix that 

represents its absorption, since this is the term that relates to the OPV’s measured current. 

These matrices are modified, as needed, by the transmission Mueller matrices of the OPV 

elements in front of it. Thus, the Mueller matrix of each OPV can be expressed as 

  1 1 1, , ,  A AD E OPV1 DM M   (3.3.10) 

    2 2 2 2 1 1 1, , , , ,  andA A T TD E D E OPV D DM M M   (3.3.11) 

      3 3 3 3 2 2 2 1 1 1, , , , , , ,A A T T T TD E D E D E  OPV D D DM M M M   (3.3.12) 

where the integer i contained within the subscript on the variables DAi, EAi, θi, etc. refers to the 

specified value for the ith OPV. 
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Chapter 4   : Optical characterization 

4.1 Characterization overview 

Following device fabrication, experiments were performed to characterize the OPV’s optical 

properties. These included the device’s transmission, retardance and diattenuation, which 

allowed us to determine the feasible range of values of several key optical characteristics of 

these devices. Finally, these values were later used during mathematical modeling and 

validation. 

As a means to mathematically describe the OPV detector, the devices were treated as a 

combination of a diattenuator and a retarder. Mueller matrices of an ideal diattenuator (MD) 

can be expressed as per Equation (3.3.1).Meanwhile, the Mueller matrix of an ideal retarder 

(MR) is given by Equation (3.3.4). As mentioned previously, considering the Mueller matrix 

of the general retarder, in series with the ideal diattenuator, enables the transmission Mueller 

matrix of an OPV (MOPV) to be expressed as 

 . OPV R DM M M   (4.1.1) 

4.2 Characterization experimental setup 

Based on the aforementioned model, experiments were performed to determine the values of 

Tx, Ty, D, and Φ. Figure 15 depicts the experimental setup for these characterization 

experiments. As illustrated in the diagram, the light source used for the experiment was a 

40 mW laser diode from Thorlabs (DJ532-40) with a nominal lasing wavelength of 532 nm. 
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The diode was thermoelectrically cooled to maintain constant power and spectral output. A 

collimating lens (L1) was placed after the diode and it was followed by a Glan-Thompson 

polarizer (LP1), which acted as the generator. Light, polarized by LP1, was incident on the 

OPV before transmitting to the analyzer, which consisted of a wire-grid polarizer (LP2). An 

integrating sphere, coupled with a radiometer (a Thorlabs PM100D), was used to measure the 

power of the emergent beam. 

During the experiment, power of the ambient light was measured as 0 mW. Ambient light 

intensity was measured with the room lights turned off and the laser diode turned on, but the 

beam was blocked by black cloth. Range of power detection by the radiometer was set to 0 – 

180 mW, for 535 nm light. The maximum power, detected when the two polarizers (LP1 and 

LP2) were parallel, without the OPV in the system, was 19.2 mW, while the minimum power, 

when the two polarizers were orthogonal was 3.5 µW  

To measure the properties of the OPV, it was placed in a rotation mount and positioned 

between LP1 and LP2. It was then rotated from 0o to 360o, in 10o increments. Power of the 

emergent beam, for each of the 37 positions, were recorded. The experiment was repeated for 

each of the fourteen OPVs that were characterized to establish a feasible range of values for 

the different variables; e.g. Tx, Ty, D, and φ. 



 

31 

 

Figure 15: Image depicting the experimental setup for characterization of OPVs. Light source was a 

laser, with a lasing wavelength of 532 nm. L1 was a collimating lens. LP1 and LP2 were linear 

polarizers, aligned along x-axis. The OPV was mounted on a rotation mount, which allowed 360o of 

free rotation within the xy plane. 

4.3 Characterization results 

At this point, the intensity of the beam at the integrating sphere, depicted in Figure 15, had 

been recorded for different orientations of the sample OPVs. Plotting the intensity versus 

orientation angle, produced sinusoidal intensity oscillations, as depicted in Figure 16. Figure 

16 exhibits the intensity versus orientation graphs for four of the fourteen OPV detectors.  
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Figure 16: Illustration of the intensity vs orientation angle of four OPVs after they were fitted with the 

diattenuator and retarder model. The orientation angle is denoted with respect to the horizontal x-axis. 

Matching our expectations, the plots were sinusoidal in nature, which validates our assumption 

that the OPVs could be modeled partially as a general diattenuator. Essentially, the data 

validates that the polymer chains in the OPVs absorbed different percentages of incident light, 

depending on the polarization state of light, and the orientation angle of the polymer backbone, 

in the active region, with respect to the former. 
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4.4 Characterization data Analysis 

Characterization data, per Figure 16, were processed in MATLAB, based on the mathematical 

model as described in Section 4.1. Incident light, as emitted by the laser, was assumed to be 

unpolarized and thus the Stokes vector (SI) was computed as, 

  1 0 0 0 ,
T

IS   (4.4.1) 

where the superscript T denotes transpose of the matrix. It was measured that the laser light 

was polarized along x-axis. In order to negate that influence on the data, LP1 and LP2 were 

also aligned along x-axis. 

As mentioned in Section 4.1, since the OPV was a strained polymer, it was modeled as a 

retarder in series with a diattenuator, in which the eigenstates of each have the same angle θ 

with respect to x-axis. The Stokes vector (ST) of transmitted light, as recorded by the 

radiometer, illustrated in Figure 15, can be calculated as per Equation (3.3.5). The retardance 

(φ) and the diattenuation (D) of the sample were estimated and used as inputs into the 

MATLAB model. The D, E and φ variables were iteratively modified to get a best fit using the 

built in Nelder-Mead minimization with a tolerance of 51 10  for the measured data, as shown 

in Figure 16.  

After fitting the data, we used the values of φ as the retardance and D as the diattenuation of 

the sample and is tabulated in Table 3. Based on these numbers, the Mueller matrices of the 

OPVs were computed. These were used later in the calibration procedure. 
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Table 3: The table shows the strain, diattenuation, and retardance of four OPVs. 

Sample # Strain (%) Diattenuation Retardance (o) 

1 30 0.317 6.356 

2 30 0.3456 3.2185 

3 30 0.2866 5.824 

4 30 0.2826 3.1475 

 

Values of Tx and Ty were obtained from D and E, by solving Eq. (3.3.2). However, it should 

be noted that in order to do so, the data, depicted in Figure 16, was normalized to the intensity 

of incident light (19.2 mW). It was discovered that the average values for the two 

transmittances were, 0.6, 0.2,x yT T   i.e. when the incident polarization was perpendicular 

to the orientation of the OPV, average transmission was 60%, while in case of parallel 

alignment, average transmission was 20%. 

An experiment was setup in order to determine the polarization state of light, reflected by the 

OPVs. A laser was shown onto the active area of an OPV, which was tilted at an angle of ~6o. 

The reflected light passed through a QWP, followed by a linear polarizer, and eventually into 

a radiometer, which detected the intensity. The QWP was rotated from 0o to 360o (incremented 

at 10o steps), while the polarizer was fixed, and the intensity of the emergent beam was 

recorded. It was found out that the intensity profile, did not contain any polarization 

information, and thus it was concluded that the beam, reflected by OPVs was unpolarized. 
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4.5 Discussion 

Upon completion of the characterization experiments, the feasible ranges of the optical 

properties of the fabricated OPVs had been established. It was noted that the diattenuation of 

the OPVs were ~0.3, while the retardances varied between 2 12 ,  and 

0.6,  0.2.x yT T    
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Chapter 5  : Calibration 

5.1 Overview 

The polarimeter’s calibration was performed in two parts. First, the radiometric calibration was 

performed to demonstrate that the design was effective for different intensities of incident light. 

This was followed by a polarimetric calibration, which compares the results of the experiment 

with the polarimeter model. In both cases, the calibration was focused on quantitative 

determination of the polarimeter’s measurement matrix (W). The W was measured separately 

by the radiometric and polarimetric model, and the results were compared in order to validate 

the two models. Unlike other polarimeters, the OPV system cannot undergo a separate 

radiometric and polarimetric calibration, both of which are essential for any polarimeter. This 

is due to the fact that traditional silicon photodetectors respond to the total intensity of light; at 

normal incidence, they do not detect any polarization information. Consequently, for silicon 

photodetectors, the radiometric calibration can be performed independently of the polarimetric 

calibration. Conversely, a strain-aligned OPV is inherently sensitive to incident polarization 

states, and they also modify the Stokes vectors of transmitted light. Thus, the radiometric and 

polarimetric calibration must be accomplished simultaneously. Section 5.2 describes the 

experimental setup, required to perform the experiment. Details of the radiometric and 

polarimetric calibration are provided in Section 5.4, followed by model validation in Section 

5.5. 
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5.2 Experimental setup 

Figure 17 depicts the experimental setup. A linearly polarized laser diode from Thorlabs 

(DJ532-40), with a nominal lasing wavelength of 532 nm, was used as the light source. Laser 

light, polarized parallel to the x-axis, first strikes an uncoated glass window, which was 

introduced into the system to reflect approximately 8% of the incident light into an integrating 

sphere and radiometer. This measurement ensured that all fluctuations of the incident laser 

power were recorded, and in later stages, corrected during data processing. Meanwhile, 

transmitted light propagated to LP1, which consisted of a Glan-Thompson clean-up polarizer 

with a transmission axis parallel to the x-axis. A rotatable half wave plate (HWP) followed the 

polarizer, enabling the generation of known linear polarization states for calibration and 

validation. After the waveplate, light then transmitted through the three OPVs. As explained 

in Section 3.2, OPV1 was aligned to preferentially absorb linearly polarized light at 0o, OPV2 

preferentially absorbed light oriented at 45o with respect to the x-axis, and OPV3 was 

unstrained. 
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Figure 17: Illustration of the experimental setup. Laser was the light source. A microscope slide was 

used as reflector. LP1 was a linear polarizer at 0o to x-axis. HWP was a half wave plate, which was 

rotatable. OPV1-3 were the organic photovoltaic devices arranged as: OPV1 at 0o, OPV2 at 45o, and 

OPV3 was unstrained. All angles were with respect to x-axis. The intensity of the reflected light from 

the reflector was measured by an integrating sphere coupled with a radiometer. 

For acquiring calibration and validation data, the HWP was rotated to illuminate the OPV 

polarimeter with different known linear polarization states. Under each illumination state, the 

OPVs generated photocurrent, based on preferential absorption of the polarized light, and data 

acquisition was performed by a Semiconductor Parameter Analyzer (SPA). Current versus 

voltage curves (I-V curves) were determined by the SPA (HP4156B), for bias voltages 

spanning -0.5 to 1 V. This step was carried out for each state of incident light, thereby recording 

the response from each of the three OPVs, under the above mentioned conditions. Output 

power of the OPVs were extracted from the I-V curves, for photocurrent at -0.4 V, and used 

for calibration and validation purposes. 
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5.3 Voltage measurement methods 

One of two measurement methods were used to acquire data. The primary method involved 

use of a Semiconductor Parameter Analyzer (SPA). Under each illumination state, the OPVs 

generated photocurrent, based on preferential absorption of the polarized light. Current versus 

voltage curves (I-V curves) were determined by the SPA (HP4156B), for bias voltages 

spanning -0.5 to 1 V. Measurements using this device were conducted for each state of incident 

light, thereby recording the response from each of the three OPVs, under the above mentioned 

conditions. The OPV’s output power was then extracted from the I-V curves, for photocurrents 

at -0.4 V, and used for calibration and validation purposes. 

Meanwhile, an alternate measurement method to using the SPA was also used. In this method 

a chopper was introduced in the system after the reflector. As depicted in Figure 18, OPVs 

were setup as reverse biased with a biasing voltage of 0.4 V, with a load resistance of 10 kΩ. 

The chopper rotated at a 200 Hz frequency, thereby modulating the input signal to the 

polarimeter in the shape of a square wave. An oscilloscope recorded the voltage across the 

OPVs, which were square waves as well. In order to obtain the voltage across each OPV, the 

peak to peak voltage of the output square wave was measured. Voltage across the resistor was 

calculated as 

 ,R B OPVV V V    (5.3.1) 

where VR was the voltage across the resistor, VB was the bias voltage, and VOPV was the voltage 

across the OPV. 
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Using VR, the output power was calculated by Ohm’s law as per, 

 
2

,RV
P

R
   (5.3.2) 

where P was output power, and R was resistance, e.g. 10 kΩ.    

 

Figure 18: Illustration of the chopper-oscilloscope measurement method.  

5.4 Radiometric and polarimetric calibration 

For radiometric calibration, the HWP was rotated from 0o to 900, in 5o increments. 

Additionally, three different incident laser powers of 5.24 mW, 5.84 mW, and 6.81 mW were 

used to radiometrically calibrate the system. I-V characteristics of each of the three OPVs were 

acquired using the SPA, for every orientation of the HWP, for each laser intensity. This yielded 

57 data-points for each OPV, and stored in a column matrix P. Detailed discussion about the 

Oscilloscope Output
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P matrix is provided later. From the I-V curves, the output power of the devices was calculated 

by Ohm’s law, where reverse bias voltage (V) was chosen as 0.4  V.  

Figure 19 depicts the measured electrical output power of the three OPVs at different laser 

powers and incident polarization states.. 

 

Figure 19: Electrical power versus HWP orientation from (a) OPV1, (b) OPV2, and (c) OPV3, as 

measured by the SPA at the three optical powers P1 (5.24 mW), P2 (5.84 mW), and P3 (6.81 mW) as 

compared to the electrical power calculated from the fitting procedure (P1F, P2F, and P3F). 

A measurement matrix-based polarization calibration procedure was simultaneously 

performed with the radiometric calibration, in order to determine the measurement matrix (W). 

As mentioned previously, due to the OPV’s inherent polarization sensitivity, the radiometric 

calibration cannot be separated from the polarimetric calibration as with inorganic 

photodetectors. Hence, to calibrate the system, we used a linear operator model [53], such that, 

 ,  inP W S   (5.4.1) 
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where P was a matrix of power measurements (dimensions 1 3 ), W was the measurement 

matrix (dimensions 3 3 ), and Sin is an input Stokes vector (S0, S1, and S2) that is to be 

measured. The input Stokes vectors can be calculated from any power matrix P by, 

 1 . inS W P   (5.4.2) 

Thus, calibration focused on quantifying the measurement matrix W so that the data reduction 

matrix, W-1, can be calculated via pseudoinverse. First, we chose to empirically determine W 

for the given setup by fitting the measurement matrix and responsivity coefficients directly to 

the data. This is achieved by illuminating the polarimeter with a number of different, known 

Stokes vectors. The measured power, from each OPV, was used to determine one row of the 

W matrix; e.g. OPV1 determined the first row of W, OPV2 determined the second row of W, 

etc. This process can be explained by 
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  (5.4.3) 

where Q is the total number of measurements (usually Q > 50), S0,i, S1,i, S2,i, and S3,i are Stokes 

parameters of light incident on ith OPV, and the subscript j is the row number of the W matrix 

from which the coefficients wj1, wj2, wj3, and wj4 were extracted. It should be noted that the 

different polarization states of light, which were used to illuminate the system, contained only 

linear states and that the S3 component was always zero. 
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At this point, a power matrix (P), for each OPV, had been acquired by the experiment, as 

described in Section 5.2. P had dimensions 57 1, and contained the output powers of the OPVs 

for 19 different polarization states at the aforementioned three laser intensities. During data 

processing, P was passed through a Fourier transform bandpass filter for noise reduction. To 

determine the elements of W, a least square fitting function was used along with MATLAB’s 

Nelder-Mead minimization function. The elements of W and the efficiencies of the OPVs were 

used as variables in the fitting function. Input to the fitting function consisted of the generated 

Sin matrix. From the known Sin, the power incident onto any given OPV was calculated by, 

  1 2 3 4 ,i i i iw w w w i inS S   (5.4.4) 

where Si was the Stokes vector incident on the ith OPV, Sin was the incident Stokes vector, and 

1 4iw   were the elements, which comprised the ith row of W. The power response of each OPV 

was mathematically modeled as 

 ,i 0iS iΦ   (5.4.5) 

where Φi and ηi is the responsivity of the ith OPV, respectively, and S0i is the S0 component of 

Si. As per the least square fitting procedure, the square of the difference between the measured 

response P and the modeled response Φ was returned by the function. This step was iterated 

for the three incident laser powers and 19 polarization states for each power. Therefore, the Φ 

matrix had dimensions of 57 1 .  

As mentioned above, the Nelder-Mead minimization function was used to determine the 

elements of the W matrix, such that the least square difference, provided by the best 
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coefficients, was within the tolerance level of 
61 10 . Figure 19 depicts that the plots of P (e.g. 

Data) and Φ (e.g. Fit) coincided and thus the W matrix was successfully obtained. The 

elements of the W matrix, obtained from this fitting procedure, is 

 

1 0.126 0.002 0

1 0.321 0.159 0 .

1 0.312 0.283 0

 
   
 
  

W   (5.4.6) 

Since no circular polarization states were generated during the experiment, and the system was 

designed to determine linear Stokes parameters only, the fourth column of the W is zero. It 

should be noted that from the 57 elements in Φ, four elements were chosen at random for 

validation, as explained in Section 6.2, and the other 53 were used to compute W. 

5.5 Model validation 

At this point, the validation of the theoretical model, presented in Section 3.3, was performed. 

As explained in radiometric calibration, in Section 5.3, the elements of the W matrix were 

being modified during the fitting procedure, to obtain the best fit with the experimental data. 

However, while the model was validated, more fundamental physical properties of the devices, 

e.g. D, Φ, and efficiencies of the OPV devices (η1-3) were used as variables for the fitting 

function. Before fitting, each cell had its maximum transmittance measured separately (e.g., Tx 

= Ix/Iin, where Ix and Iin are the transmitted and incident x polarized optical powers) and 

transmission axes aligned to LP1. With these a priori inputs, the fitting algorithm was 

constrained such that the remaining parameters included: Ty1, Ty2, η1, η2, η3, ϕ1, and ϕ2. 
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Determining the W matrix from the analyzer vectors, calculated as per Equations (3.3.10), 

(3.3.11), and (3.3.12), was the first step. The W matrix was constructed by the first rows of the 

analyzer vectors, such that first row of MOPV1 corresponded to first row of W, first row of 

MOPV2 provided the second row of W, and the first row of MOPV3 was the third row of W. The 

measurement matrix, as determined by fitting the orientation angle, diattenuation, and 

retardance of the Mueller matrices given by Equations (3.3.10)-(3.3.12), was calculated to be 

 

1 0.1259 0 0

1 0.3195 0.167 0.0221 .

1 0.3195 0.295 0.0391

 
    
 
  

W   (5.5.1) 

Since, the measurement matrix, determined by the previous fitting procedure, closely matches 

that of the measurement matrix that is constrained by our theoretical model (root mean square 

error was 4.7%), it was concluded that the model was an accurate representation of the system’s 

polarimetric response. 

Final values of the aforementioned variables (Ty1, Ty2, η1, η2, η3, ϕ1, and ϕ2), obtained upon 

completion of the fitting procedure, are tabulated in Table 4. 

Table 4: Final values of the fitting variables obtained using the parametric fit. 

Transmittance Retardance (degrees) Responsivity (mA/W) 

Ty1 Ty2 ϕ1 ϕ2 η1 η2 η3 

0.373 0.348 10.008 7.557 14.41 13.7 12.12 
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In order to further extend the validation process, the model was used to determine the responses 

of the OPVs, upon illumination with different Stokes vectors. A HWP Mueller matrix (MHWP) 

was modeled as per 

 

1 0 0 0

0 1 0 0
( ) ( ),

0 0 0.9903 0.1392

0 0 0.1392 0.9903

 

 
 
    
  
 

 

HWPM R R   (6.3.1) 

and used to generate different polarization states, by changing θ upon rotation, such that the 

Stokes vectors, thus simulated resemble the actual experimental procedures. The output 

responses of the three OPVs were calculated by Equation (5.4.3).  

Using, the aforementioned variables (e.g. D, Φ) we were able to obtain the W matrix (ref. 

Equation (5.5.1)), which in turn was used to determine the output powers of the OPVs, depicted 

in Figure 20. The output power was computed by  
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i inΦ S   (6.3.2) 

where Φi was the output power of devices, ηi was the efficiency of the OPV, and wi1-4 

represents the ith row of W, as calculated by Equation (5.5.1). The subscript i denotes the ith 

OPV in the system. 
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As shown in the Figure 20, the experimental data and the simulated output match (root mean 

square error of 0.00266), thus providing stronger evidence in support of the accuracy of the 

model. 

 

Figure 20: The measured electrical power versus HWP orientation angle, for incident optical powers 

P1, P2, and P3. Also provided are the fitted optical powers P1F, P2F, and P3F for the parametric fit. 

  

5.6 Discussion 

The calibration procedures, described above allowed us to compute the measurement matrix 

(W), of the free space polarimeter. The measurement matrix, in turn was used to further 

validate the polarimeter, and provide more conclusive proof of accuracy for our model. 

It should be noted, that the radiometric and polarimetric calibration processes used the same 

number of degrees of freedom, when the best W was computed. Nine elements of the W matrix 

were used as the variables, in order to get the best coefficients, during radiometric calibration. 

Although the W matrix essentially comprised of twelve elements (dimensions 3 4 ), since the 

S3 component was always zero, owing to the linear nature of the polarimeter, there were 
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effectively nine variables in the model. The polarimetric calibration, using the parametric 

model, was achieved by using nine degrees of freedom, e.g. the diattenuations of OPV1 and 

OPV2, the retardances of OPV1 and OPV2, and the efficiencies of the three OPVs (η1, η2, η3). 

It should be noted the orientation angles of the OPVs provided us with two additional degrees 

of freedom, which were not used by the parametric model. Therefore, in either case, there were 

essentially nine degrees of freedom available. 

From Equation (5.5.1), it is also notable that there is a small (average 3%) S3 response in the 

second and third OPVs. This is due to the stress birefringence contained within the strained 

polymer film. Ultimately, to resolve issues with this residual retardance, orthogonal (but equal 

in magnitude) film retarders would need to be inserted in between the detectors. Alternatively, 

a four-detector polarimeter would be needed to fully resolve the matrix W and remove 

ambiguities associated with circularly polarized light propagating between the OPV cells. 
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Chapter 6  : Results 

6.1 Overview 

In this chapter, the results from our validation experiments are presented. This section 

demonstrate the success of our design, as a linear polarimeter. The results, from radiometric 

calibration, are detailed in Section 6.2, and they prove that the polarimeter can effectively 

detect the Stokes vector of incident light, with unknown polarization states. 

6.2 Results from radiometric calibration 

After calculating the W matrix, as explained in Section 5.3, validation experiments were 

performed. Certain known polarization states, with known laser intensities, were used to 

illuminate the polarimeter setup. Based on the response of the OPVs and the W matrix, which 

was constructed during calibration, the incident Stokes vectors were predicted by the system. 

The polarization states of incident light, which were used to test the verisimilitude of the W 

matrix, included light polarized at 70o, 90o, 40o, and 120o. Stokes vector of light, polarized at 

90o, provided the testing of a corner case, where the entire polarization information was 

contained in S1. Also, the incident light was tuned, so as to send in variable intensities of light 

into the system. This step essentially ensured that the system was calibrated to account for 

varying light intensities.  

Table 5 depicts the data that was used to validate the polarimeter’s functionality. SR were the 

incident light’s Stokes vectors, while the model’s predictions of the incident Stokes vectors are 

listed under SM, ε denotes the error percentage. As depicted in Table 5, the real and predicted 
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Stokes vectors match and the error percentages are within the scope of experimental errors. 

Thus, the average error is 1.68% across these measured values. Primary experimental errors 

that affect the experiment, include shot noise and alignment issues. During system alignment, 

the HWP and the OPVs could be aligned with an accuracy of o1.5 .    

Table 5. Theoretical and measured Stokes vectors. Laser power (PL) is measured at the input of LP1. 

Orientation angle of LP1 is given, along with percentage errors on the measured S0 component and 

RMS error of the normalized Stokes parameters. 

 

Based on Table 5, it can be concluded, that the polarimeter design has successfully determined 

the Stokes vectors of incident light, with unknown polarization states, at different intensities 

of illuminating light. Thus, the system had effectively performed as a linear polarimeter. 

6.3 Discussion 

As explained in Section 6.2, the results depict that the stacked OPV approach, as a means to 

develop a polarimeter was successful. The new design of the linear polarimeter could 

accurately predict unknown Stokes vectors, with an error margin of 1.68%. From these results, 

the average absolute percent error in S0 is 2.2% while the RMS error of the normalized Stokes 
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parameters is 1.2%. Likely sources of remaining error include alignment error in LP1 

(estimated at +/- 0.25 degrees), noise, and our assumption that there is no S3 in the system. 

Radiometric calibration further proved that the system can also account for variations in 

incident light intensity. This is usually not a factor involved with traditional silicon based 

photodetectors, since they do not detect any polarization information, unlike organic 

photovoltaics. However, the problem was resolved by the additional radiometric calibration 

process of our method. The mathematical model was validated by experiments, as detailed in 

Section 5.5. It was demonstrated that the model could accurately predict the behavior of the 

system with a nominal error of 4.7%. Therefore, it can be concluded that our model provided 

a high degree of precision and justifies the mathematical complexities behind the system 

design. 
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Chapter 7  : Conclusion 

7.1 System Specifications 

Angle of Incidence 

Significant influence of angle of incidence, on the performance of the system, is probable. This 

is because, depending on the angle of incidence, the absorbance and the response of the OPVs 

will vary. Experimentations have revealed that incident angles up to approximately +/- 4o do 

not cause considerable change in the OPVs’ behavior. 

Back Reflection 

Back reflections, onto the active area of an OPV, from the following device, can result in 

erroneous results. In order to avoid back reflections, OPV2 and OPV3 in the system, are tilted 

by 3o along the x-axis, such that the reflected beam from the gold electrode, does not hit the 

active area of the other devices. 

Both the aspects, mentioned above will play a significant role while determining the field of 

view of the polarimeter. 

Measurement Time 

Data acquisition performed by SPA is instantaneous and accurate. However, the low cost 

alternate voltage measurement method, as described in Section 5.3, requires an integration time 

of 5 ms to ensure accurate data acquisition. 

Wavelength Selection 
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Ideally, the polarimeter performs within a wavelength range of 400 nm to 650 nm. However, 

the absorbance of the devices start to fall at 450 nm on the lower end, and around 630 nm on 

the higher end. Operating beyond a range of 450 nm to 630 nm can result in weak electrical 

response from the devices, leading to low signal to noise ratio and erroneous data. The OPVs 

work best close to 532 nm, since the absorbance of the devices peak at this wavelength, and 

that is why a 532 nm laser was chosen for calibration and experimental purposes. 

Operating Region 

In this polarimeter design, OPVs are being used as photodetectors. It is important to ensure, 

that the detectors operate in the linear region, i.e. the electrical power output should vary 

linearly with incident optical power. A high intensity incident light will saturate the devices. 

Upon experimentation, it was discovered that the devices operate in the linear region for 

incident laser powers ranging from 3.7 mW to 8 mW.  

Signal to Noise Ratio (SNR) 

With the constraint of operating within incident laser intensities, which trigger linear responses 

from the OPVs, maintaining a satisfactory SNR was difficult. Although, it was mentioned 

earlier that the OPVs perform accurately within laser intensities of 3.7 mW to 8mW, most of 

the lower intensities are unacceptable because of low SNR. Since the incident beam was being 

partially absorbed and partially transmitted by the OPVs, the intensity of the beam was low by 

the time it illuminated the final device. Such low intensity beams triggered a weak response 

from the final, unstrained OPV and thus, the SNR of the system dropped unfavorably. The best 
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response from the system was observed within an incident laser intensity range of 5 mW to 6 

mW. 

Due to the difficulties faced in order to maintain the linear operating region and satisfactory 

SNR, the research was focused on developing a linear polarimeter, as the first step of the 

project. Extending the design to develop a full polarimeter, required the introduction of a fourth 

OPV and quarter wave plates along the optical axis. This meant that the incident light intensity 

had to be significantly higher, such that the extra losses introduced by absorption by the extra 

OPV and reflections by the QWPs can be compensated, and still trigger a strong response from 

the final unstrained device. However, initial experiments failed to determine a laser intensity, 

which was low enough to not saturate the first OPV, yet high enough to maintain the required 

SNR of the system. Hence, designing a linear polarimeter, as the first step of the project, was 

resolved upon.  

 

 

7.2 Conclusion 

This thesis addressed the issue of unsatisfactory spatial and temporal resolution in state of 

the art polarimeters. A new design model was proposed, which could attain satisfactory spatial 

and temporal resolution, simultaneously. Chapter 3  gives an overview of our polarimeter 

model and design approach and also presents the motivation and current state of art associated 

with it. In Chapter 2 , we explained the fundamental properties of organic photovoltaics and 
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their inherently polarization sensitive responses. Also, details of the fabrication procedure was 

provided, along with data regarding the electrical properties of the devices. Then, we 

demonstrated the investigation of optical properties of the OPVs in Chapter 3 , and 

quantitatively determined the fundamental optical properties. In Chapter 3 , the polarimeter 

model is detailed. Leveraging the inherent spatial registration properties of a stacked 

photodetector approach was demonstrated by the use of semi-transparent polarization sensitive 

OPVs. The calibration experiments were explained in Chapter 5 , where it was denoted that 

high temporal resolution was ensured by simultaneous data acquisition of the responses from 

all the OPVs in the system. Calibration and validation processes conducted with different 

intensities of input light, exhibited that the aforementioned calibration procedure can account 

for unknown incident light intensities. Also, the model, and its validation, given in Chapter 6 , 

proved and provided the underlying mathematical principles involved in the design. It has been 

concluded, with experimental validation, that this new polarimeter design can predict incident 

Stokes vectors with an average error of ~1.68%. Therefore, our design has achieved a 

significantly low error percentage, which is comparable to other state of the art imaging 

polarimeters, while mitigating some significant issues of the latter. 

7.3 Future scope 

Experiments are being conducted to extend the design to account for circular polarization 

information, and perform as a complete polarimeter. In order to extend the polarimeter to 

design to measure full four two dimensional Stokes parameters, four OPVs will be used, as 

depicted in Figure 21. 
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Figure 21: Arrangement of the OPV device for Stokes polarimetry. Each time the light transmits 

through one OPV layer, it creates a photogenerated current. Since it only partially analyzes the light, 

subsequent layers are able to detect the modified polarization state. 

OPV1, OPV2, and OPV3 preferentially absorb linearly polarized light along the x-axis, y-axis, 

or at 45 degrees in the xy plane, respectively, as indicated by the arrows. In order to increase 

the detectors sensitivity to circular light polarization, thin, polymer waveplates can be 

introduced between the OPV detectors. Meanwhile, OPV4 will be unstrained and thereby will 

not have any intrinsic polarization sensitivity. OPV4 basically records the final intensity 

measurement, proportional S0. The anisotropically absorbed light will create a photogenerated 

currents (I1 through I4) that can then determine the Stokes vector. 

Also, different fabrication techniques are being investigated to replace the stacked design with 

a single monolithic OPV structure, in order to achieve a more compact design. It is predicted 
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that in order to fabricate a monolithic tandem four OPV polarimeter, issues will arise, 

concerning multi-layer processing to maintain individual device performance and 

transparency. The nanoscale level proximity of the layers might cause problems in the form of 

crosstalk, back-reflection, and multiple beam interference. At the same time, it is also 

imperative for the individual cells to maintain alignment.
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