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Abstract 

Patient outcomes for colon and esophageal cancers depend on early detection 

and surveillance of the progression of dysplasia (abnormal cellular growth indicative of 

pre-cancer) and malignancy (cancer) in the epithelium of these organs. The present 

standard of care for detection and surveillance of these diseases is to inspect the surface 

of the colon and esophagus searching for high-risk tissue using white light endoscopy 

(WLE), which provides imaging of the organ surface. While WLE is effective for the 

detection of some high-risk tissues such as colon polyps, other types of high-risk tissue, 

such as flat dysplasia, may not be visually observable to the physician by WLE. The 

limited efficacy of WLE results in reduced adenoma detection rates, unnecessary 

resection of healthy tissues, incomplete resection of high-risk tissues, and necessitates 

random sampling of esophageal or colon regions known to be at elevated risk for flat 

ËàÚ×ÓÈÚÐÈȮɯÚÜÊÏɯÈÚɯÐÕɯÊÈÚÌÚɯÖÍɯ!ÈÙÙÌÛÛɀÚɯÌÚÖ×ÏÈÎÜÚɯÖÙɯÐÕÍÓÈÔÔÈÛÖÙàɯÉÖÞÌÓɯËÐÚÌÈÚÌȭɯ/ÈÛient 

outcomes for colon and esophageal cancer can be improved if the capabilities of WLE 

can be augmented to readily detect the microstructural and biochemical characteristics 

of these diseases in tissues during endoscopy.   

Diffuse reflectance spectroscopy (DRS) is a label free optical technique that can 

be used to sense the morphological and biochemical changes that occur when normal 

colon or esophageal tissue becomes pre-cancerous or cancerous, and DRS has the 
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potential to be used to augment the performance of traditional WLE. However, the 

reliance of conventional DRS systems on optical fibers for reflectance collection limits 

system performance, limits scalability, and constrains the design options.   

 Custom thin film silicon (Si) photodetectors (PDs) o ffer a high performance, 

scalable, and highly customizable alternative to optical fibers for reflectance photon 

collection in tissue DRS applications. Si PDs improve performance over optical fibers 

since they have superior numerical apertures (NAs) and col lect light from a larger 

fraction of the probe surface; they are highly scalable due to Si processing technology; 

they can be geometrically optimized for specific applications; and they can be 

implemented on a variety of substrates, including flexible or c onformal, and can be 

implemented as an attachment to an endoscope. And arrays of Si PDs can be used 

perform spatially resolved DRS (SRDRS), which adds depth sensitivity to DRS by 

simultaneously measuring the tissue reflectance at multiple illumination -collection 

distances.  

This dissertation describes the design, fabrication, optoelectronic 

characterization, phantom studies with reduced scattering coefficient (‘ ‗  and 

absorption coefficient (‘ ‗) extraction, and preliminary clinical testing on e x-vivo 

human colon tissue of the first Si thin film multi -pixel SRDRS array optimized for a 

specific tissue measurement application. The illumination -collection geometry of the Si 

PD based SRDRS sensor array described herein was designed using Monte Carlo 
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simulation to maximize performance when characterizing human colon tissue. The 

design was then implemented using ρπ ‘ά thick crystalline Si PD arrays 

heterogeneously integrated onto a transparent substrate and packaged for phantom and 

clinical ex-vivo hu man tissue testing. The performance of the fabricated sensors was 

initially evaluated on synthetic liquid tissue phantoms, with comparisons of the 

experimentally measured diffuse reflectance from these phantoms compared to Monte 

Carlo simulated diffuse ref lectance, yielding a mean discrepancy of 8.4% over the 450 to 

650 nm wavelength range.  

To enable extraction of tissue optical properties from measured tissue diffuse 

reflectance, two inverse DRS methods were developed which relied on look-up tables of 

Mon te Carlo simulated diffuse reflectance. One method extracts spectrally constrained 

values of ‘ ‗ and ‘ ‗ from measurements of diffuse reflectance independently for 

each PD in the SRDRS sensor. A second model uses the radial dependence of the PDs in 

the SRDRS sensor to both spatially and spectrally constrain the extracted values of ‘ ‗ 

and ‘ ‗. The average percent error between expected (known) and extracted ‘ ‗ and 

‘ ‗ values of eight liquid phantoms used to evaluate the inverse models was 13.25% 

and 31.42%, respectively, for the first inverse method, and 6.38% and 8.38%, 

respectively, for the second, for diffuse reflectance measurements spanning the 450 nm 

to 750 nm wavelength range. These results indicate that use of three PDs in the SRDRS 

sensor can reduce the error for tissue optical property extraction.   
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Further assessment of the Si PD array performance and tissue compatibility was 

conducted on ex-vivo porcine esophageal tissue, and an experimental set-up to enable 

clinical measurements of resected human colon tissue samples was developed in 

collaboration with  physicians in the Duke University Medical Center: Dr. N. Lynn 

Ferguson, MD, Assistant Professor of Pathology in the Duke University Department of 

Pathology, Dr. Katherine Garman, MD, Associate Professor of Medicine in the Duke 

University Department of Medicine, and Dr. Deborah Fisher, MD, Associate Professor of 

Medicine in the Duke University Depar tment of Medicine.  

SRDRS measurements on excised normal and tumorous human colon tissue were 

performed with a prototype thin film Si PD based SRDRS probe, and the absorption and 

reduced scattering optical properties of the tissue were extracted. The extracted optical 

properties are comparable to previously reported values optical properties for similar 

tissue and indicate that the prototype system is able to extract similar tissue information 

as other more expensive and less scalable tissue spectroscopic systems.  

The thin film Si PD based SRDRS probe and experimental work presented herein 

contributes to the field of Si PD based tissue DRS by being the first demonstration of a 

thin -film Si PD based DRS or SRDRS system in direct contact with human and animal 

tissues. The development, experimental validation, and demonstrated application to 

analysis of SRDRS measurements of human colon tissue, of a method for tissue optical 

property extraction described herein is the first inverse method to demonstrate an 
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impro vement of optical property extraction in a Si PD based system by utilizing the 

spatial dependence of reflectance, compared to a single PD based extraction method. 

The novel inverse model extraction method presented herein, which utilizes multiple 

Monte Carlo populated LUTs of diffuse reflectance to spatially and spectrally constrain 

extracted optical properties, is a contribution to the field of tissue optical property 

extraction from SRDRS measurements. Finally, the report of ‘ ‗ and ‘ ‗ propert ies 

for unfrozen ex-vivo human colon tissue adds to the sparsely reported data of this type 

in the literature, contributing to the general field of biophotonics.  
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1. Introduction  

The first section of this chapter presents the motivation for and objectives of the 

work described throughout this dissertation. Section 1.1 describes the unmet need for 

improving tissue characterization and the rationale for investigating Si -based SRDRS to 

meet that need. Section 1.2 delineates the goals of the dissertation as well as the 

organization of each chapter.     

1.1 Motivation of this Dissertation 

Worldwide, gastrointestinal (GI) cancers such as esophageal, stomach, and 

colorectal cancer account for nearly a quarter of all cancer-related mortalities [1].  GI 

cancers typically originate as either flat or polypoid dysplasia in the few hundred ʈÍ  

thick mucosal epithelium. Although early detection of dysplasia is recognized as key to 

successful prevention and treatment, the accuracy of conventional endoscopic screening 

procedures is unsatisfactory for reasons including an inability to screen the majority of 

the epithelium (resulting in a sampling error), and human error in the interpretation of 

tissue histopathology [2]. Conventional endoscopic procedures require surgical resection 

of multiple suspected dysplastic tissue samples, where each tissue sample of interest 

must be extracted individually through an endoscope biopsy channel, then forceps re -

inserted to extract additional samples. This process (polypectomy) is uncomfortable, 

time consuming, and potentially risky [3].  In general, only polypoid regions are 

extracted, although it has been shown that flat dysplastic regions, which are invisible 
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during standard white -light screenings, are as much at risk of progressing to GI cancer 

[3].  Extracted samples are then characterized manually under microscopes by 

pathologists, which takes from 4 to 7 days [3]. Figure 1 (Top) provides a visual 

description of the progression of normal colon tissue through benign precancer to cancer 

[4]. A typical endoscope used for colonoscopy (colonoscope) is shown in Figure 1 

(Bottom) [5].  

White light endoscopy is effective for detecting macroscopic tissue lesions such 

as the adenomatous polyps diagramed in Figure 1 (Top), but is unable to detect and 

characterize the molecular/cellular biological  indications of malignancies themselves, 

including disorganized cellular growth (dysplasia), or changes in specific chromophore 

concentrations which may be indicative of cancer or pre-cancer.    

 Ideally, a cancer screening technique would interrogate a large enough fraction 

of the GI region of interest that the risk of sampling error would be reduced, require 

minimum time (to reduce discomfort and anesthesia risk to the patient, as well as use of 

hospital resources), and provide pathologists with the ability to offer a preliminary 

diagnosis on the order of minutes rather than days. Optical biopsy by steady-state 

diffuse reflectance spectroscopy (DRS) has the potential to satisfy these goals.  
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DRS has been established for more than a decade as an effective tool for optical 

characterization of human tissue, both by extraction of physical tissue optical properties 

[6], [7], and by determining classifiers of the spectral signatures of various tissues and 

conditions [8], [9]. The measured DRS signals are sensitive to the concentrations of 

chromophores such as oxy-hemoglobin and deoxy -hemoglobin in tissue and can 

quantitatively measure these concentrations through measurement of the tissue 

absorption coefficient [10]. Similarly, DRS is sensitive to tissue microstructure and 

morphology because of the difference in the optical refractive index between tissue 

structures such as cellular nuclei and collagen fibers and the surrounding components of 

tissue [11]. The spatial anisotropy in optical refractive index causes tissue to scatter light 

in a way that is characteristic of that tissue, and the wavelength dependent scattering 

Figure 1: (Top) Diagram of the progression of colon cancer [4]. 

(Bottom ) Diagram of a standard colonoscope [5].  
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characteristic of light in tissue can be quantitatively measured with DRS by 

measurement of the scattering coefficient [10]. 

 To date, the majority of steady-state DRS (also known as continuous wave DRS) 

approaches investigated have used a multi-fiber optical system, such as that shown in 

Figure 2, where all light delivery and detection is provided by optical fiber waveguides 

[6]. This approach has several advantages: the physically robust optical fibers obviates 

the need to encapsulate the probe from contact with tissue; the fibers may be coupled to 

high quality light sources, spectromet ers, and optical elements such as polarization 

controllers; and it is straightforward to design a probe with a form factor compatible 

with the working channels of modern endoscopes [7]. However, the use of fibers, 

especially for light collection, limits the usefulness of DRS, and in particular spatially -

resolved DRS (SRDRS), for three primary reasons: (1) the limited numerical aperture of 

optical fibers, (2) the limited ability to optimize the geometry of a fiber-based DRS 

Figure 2: (a) Diagram of a typical steady state DRS system [6] (b) A description of the 

scattering path of photons between illumination and collection fibers in the 

conventional two -fiber approach. [22]  
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probe, and (3) the limited options for endoscopically -compatible optical fiber probe 

structures. The numerical aperture (NA) and detection area of available optical fibers 

(typically NA less than 0.5) are smaller than for Si PDs (NA = 0.96 [12]), leading to 

reduced photon collection efficiency for fiber probes compared to Si probes of the same 

area [13]. Low signal levels of fiber -based systems necessitate expensive detectors such 

as cooled photomultiplier tubes or cooled charge-coupled devices (CCDs) [4] in order to 

achieve adequate signal-to-noise (SNR) levels, while Si PDs can provide high SNR at 

room temperature and without electrical bias [14].           

The SRDRS system implemented and reported herein is shown in Figure 3 and 

referred to herein as a Si endoscopic SRDRS (SE-SRDRS) probe. A cross-sectional 

conceptual diagram of diffusely reflected light interrogating multiple volumes of tissue 

(V1, V2, and V3) is shown in Figure 3(a) [15] A photomicrograph of the tissue -facing 

surface of a prototype SE-SRDRS probe produced as part the work described herein is 

shown in Figure 3(b) [15]. 
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SRDRS enables depth-selective measurement of tissues, which is important for 

applications where the volume being interrogated is inhomogeneous, such as 

gastrointestinal epithelial tissue. Additionally, increasing the n umber of simultaneous 

and distinct measurements increases the amount of information collected at each 

measurement location, which may be beneficial for improvement of system sensitivity 

and specificity. Sensitivity is the probability that a condition is de tected if it is present, 

and specificity is the probability that a condition is not detected if it is not present. 

Improving sensitivity and specificity has been a crucial challenge for the clinical or 

commercial implementation of DRS systems intended for GI cancer screening to date [9]. 

a 

b 

Figure 3: (a) Cross-sectional conceptual diagram of the measurement of multiple 

partially overlapping tissue volumes V1, V2 and V3 by three photodiodes PD1, 

PD2 and PD3. (b) Photomicrograph of the front (tissue facing) side of a 

fabricated SE-SRDRS three PD probe. 
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For serious evaluation as a clinical tool, both sensitivity and specificity need to exceed 

90% [13].  

Attempts to establish an optical sensor which can reliably distinguish between 

normal, pre -cancerous, and cancerous tissue in the epithelial mucosa of the 

gastrointestinal tract in-vivo have been ongoing for at least two decades [7], [16], [17] and 

a variety of noninvasive techniques other than steady-state DRS have been investigated. 

Examples include laser-induced fluorescence spectroscopy (LIF), angle-resolved low -

coherence interferometry (a-LCI), polarization -sensitive light scattering spectroscopy 

(LSS), and low-coherence enhanced backscatter spectroscopy (LEBS) [18]. In addition to 

steady-state DRS, time-domain [19] and frequency-domain [20] diffuse reflectance have 

been investigated to add time resolution to DRS measurements.  While these techniques 

are promising, they also require significantly more complex, less scalable, and more 

expensive optical or electrical instrumentation than steady -state DRS. Additionally, 

there is not a clear path towards implementing these methods in thin -film formats, 

enabling embodiments where the optical probe is implemented without obstructing the 

endoscope instrument channel, which complicates widespread adoption.  

Herein is reported the design, fabrication , and test of a SE-SRDRS probe 

comprised of concentric annular, thin film Si photodiodes for photon collection that are 

integrated with a light delivery optical fiber. The diode geometry was optimized using 

simulation for the interrogation of ex -vivo human  colon mucosa with the near-term goal 
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of differentiation between normal, cancerous, and precancerous tissue ex-vivo. This 

work is aimed at the development of a low -cost optical probe compatible with standard 

endoscopes for spectroscopic characterization of tissues during endoscopy. 

1.2 Objectives and Organization of this Dissertation 

The primary objective of this dissertation is to design, fabricate, and test a novel 

SRDRS probe designed specifically for interrogation of human intestinal tissue. The 

probe was optimized (through modeling) for the specific application of characterizing 

human colon tissue. After fabrication, the probe was evaluated by measuring liquid 

tissue phantoms as well as porcine tissue. After initial evaluations on non -human tissue, 

a clinical study was designed and approved in collaboration with gastroenterology 

physicians in the Duke University School of Medicine. An experimental procedure 

compatible with clinical constraints was then developed and executed, and the results of 

the study wer e evaluated.  This dissertation aims to provide contributions to the field of 

optical tissue spectroscopy, and more specifically toward endoscopic SRDRS for 

gastrointestinal tissue characterization.  The organization of this dissertation is as 

follows:   

Background information and concepts relevant to this dissertation are 

summarized in the Chapter 2. Section 2.1 relates a general understanding of SRDRS, 

radiative transport theory, and Monte Carlo simulation. Section 2.2 describes crystalline 

Si PD operation and thin film Si PD technology. The present status and options for 
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heterogeneous integration of Si PDs is given in Section 2.3. Section 2.4 explains the 

motivation for direct -contact collection of reflectance with Si PDs and outlines prior 

work in this ar ea. Section 2.5 reviews relevant prior work on DRS for endoscopic optical 

diagnostics of gastrointestinal tissues.  

Chapter 3 discusses the design, fabrication and initial characterization of the novel 

thin film Si SRDRS probe, which is the focus of this dissertation. Section 3.1 describes the 

design criteria, and how Monte Carlo simulations were performed and used to generate 

a design to satisfy those criteria. Section 3.2 describes the process used to fabricate 

prototype SRDRS sensors. The measured optical responsivity, dark current, and back -

illumination current of the fabricated SRDRS sensors is reported in Section 3.3.  

Chapter 4 reports on the liquid phantom experimental and modeling work that was 

performed to evaluate the prototype sensors for six liq uid phantoms. Section 4.1 

describes the range of phantom optical properties used, the phantom preparation and 

experimental phantom measurement method, the Monte Carlo model used to simulate 

the liquid phantoms and compares the results from experimental mea surements to 

results from modeling. In Section 4.2, the SNR of the SE-SRDRS measurements on six 

liquid phantoms is characterized and discussed.   

Methods for extracting tissue optical properties from SE -SRDRS measurements are 

discussed in Chapter 5. A brief review of optical property extraction with inverse 

modeling is provided in Section 5.1, followed by a description of the development of 
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two different inverse models using Monte Carlo populated look -up tables of diffuse 

reflectance. Experimental evaluation of the two inverse modeling methods using eight 

liquid phantoms is reported in Section 5.3, followed by a discussion of the performance 

of the inverse methods in Section 5.4.  

Chapter 6 describes the experimental preparation, design, experimental methods, 

and preliminary results of a study of SE -SRDRS measurements of human colon tissue. 

First, in Section 6.1 experimental equipment and methods for measurements performed 

on porcine esophageal tissue that were used to validate the compatibility of the SE-

SRDRS device on tissue. Next, in Section 6.2, the development of the portable 

experimental measurement system that was implemented to enable measurement of 

human tissue in the Duke University Hospital Surgical Pathology Lab is described. In 

Section 6.3, the human tissue study approved by the Duke University Institutional 

Review Board (IRB) is described and summarized. In Section 6.4, preliminary results of 

the human colon tissue study are presented and discussed. 

Lastly, Chapter 7 concludes this dissertation by summarizing the research 

presented herein and discusses areas for future work on this topic, including some 

preliminary results intended to support future research efforts.  
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2. Background 

This chapter provides discussion of relevant theory and prior research on tissue 

optics, tissue spectroscopy, and silicon photodetector technology. 

2.1 DRS, SRDRS, Radiative Transport Theory, and Monte Carlo 
Modeling. 

In DRS, also commonly known as elastic scattering spectroscopy (ESS), the 

intensity of photons from a light source is measured after the photons experience 

multiple scattering events (hence it is diffuse), and scattering events are assumed to be 

elastic (unlike Raman scattering). The intensity of collected photons at a point on the 

sample under test at any particular position and wavelength depends on the internal 

optical absorption and scattering properties of the measured medium, which in turn 

depend upon the chemical and morphological composition of the medium. For 

biological tissue, this enables detection of biochemical and structural changes at both the 

cellular and the subcellular level. Changes such as crowding, enlargement, and 

distortion of cells and cellular organelles may be detected.  

The diffusely reflected optical po wer from systems such as described by Figures 

2 and 3 can be described in terms of absolute diffuse reflectance, ὈὙ ‗, or relative 

diffuse reflectance, ὈὙ ‗ [11]. Absolute diffuse reflectance is the ratio of 

diffusely reflected optical power from a tissue, ὖ ‗, to the input optical power 

to the tissue, ὖ ‗, from the source fiber (as in Figure 2) or the illumination 

aperture (as in Figure 3): 
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ὈὙ ‗  
ὖ ‗

ὖ ‗                                     (2-1) 

However in practice ὖ ‗ is often prohibitively difficult to measure 

accurately [11], and so for experimental tissue spectroscopy applications, diffuse 

reflectance is generally measured as relative diffuse reflectance [11], [12], [14], [15], [21]ɬ

[26]. Relative diffuse reflectance is the ratio of the absolute diffuse reflectance from a 

tissue to the absolute diffuse reflectance from a reference medium, often a solid or liquid 

with zero absorption and well characterized scattering properties. If the input optical 

power, ὖ ‗, can be assumed to remain constant between measurement of 

ὖ ‗, and the diffusely reflected optical power from the reference, 

ὖ ‗, the relative reflectance, can be calculated without measuring 

 ὖ ‗. A relative diffuse reflectance spectrum obtained from systems such as those 

described by Figures 2 and 3 is shown in Figure 4 [9]. A beneficial feature of relative 

reflectance compared to absolute diffuse reflectance is that variation in the efficiency of 

optical throughput and collection can be accounted  for by the calibration measurement 

of a reference reflectance standard. Equation 2-2 describes the reflectance 

signal ὈὙ ‗ : 

ὈὙ ‗                                                   (2-2)                                     

Implicitly, Equation 2 -2 is also a function of the illumination -collection geometry 

(ICG). An important parameter of the ICG is the center -to-center source detector 

separation (SDS). Since the majority of SRDRS work to date has been performed using 
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flat faced cylindrical optical fibers for illumination as well as for collection, the entire 

ICG can be described by the source and detection fiber core and cladding diameters, 

NAs, and separations. Measuring a turbid medium such as tissue with multiple ICGs 

yields spatially resolved diffuse reflectance spectra (SRDRS). The depth into tissue that 

collected photons have traveled depends on the photon wavelength, the tissue optical 

properties, the photon launch  conditions, and the probe ICG or SDS. SRDRS systems 

have been investigated to provide depth dependent reflectance measurements of 

multilayered tissues [27], [28]. Some SRDRS probes consist of a fiber bundle with a 

single illumination fiber adjacent to  two or more collection fibers, as shown in Figure 5.  

Figure 4: An example of DRS measurement data obtained by in -

vivo interrogation of human colon mucosa [11]. 
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Useful information from reflectance spectra can be obtained without a 

quantitative model explaining scattering and absorption of light within tissue, such as 

when the spectra are treated aÚɯɁÍÐÕÎÌÙ×ÙÐÕÛÚɂɯÖÙɯɁÚÐÎÕÈÛÜÙÌÚɂɯȻƚȼȮɯȻƛȼȭɯɯ'ÖÞÌÝÌÙȮɯÈɯ

physical model is needed for forward modeling and informed probe design, as well as 

for extraction of quantitative chemical and morphological data. Radiative transport 

theory is employed to model diffu se reflection because the large number of scattering 

events makes the use of wave-based electromagnetic analysis intractable. Using 

radiative transport theory, the path and energy of light is traced through a system, while 

the photon phase is neglected (for DRS, optical polarization is also typically ignored).  

Absorption in tissue is described by the absorption coefficient  ‘ ‗ and the reciprocal 

of the absorption coefficient, the absorption length ȟὰ‗ ȟ which is the average distance 

a photon travels in tissue before being absorbed.  The term  ‘ is defined by the 

differential equation Ὠὐ  ‘ὐὨᾀ which, when integrated, results in ὐᾀ

Figure 5: Diagram of a SRDRS probe where one source (open circle) and 

two detection fibers (filled circles) were used. The dimension 

annotations refer to the center -to-center spacings of the open and filled 

circles. Diagram taken from [19].  
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 ὐὩ  ȟ×ÈÅÒÅ ὐᾀ ÁÎÄ ὐ are the optical intensity at position z in the absorber and the 

incident optical intensity, respectively [11].  

The absorption coefficient in tissue results from the density, ”ȟ and absorption 

cross section, „, of individual absorbers, also called chromophores. For a single 

absorber, „ ‗ is the ratio of absorbed light to incident light. For a collection of 

absorbers,   ‘ ‗  ”„ ‗ [11].  In practice ‘ is described by the extinction 

coefficients, ‐ ‗, and the concentrations, ὧ, of a collection of n types of absorbers, 

where  ‘ is described by [11]: 

‘ ‗ В ‐ ‗ὧ       (2-3) 

The directions of photon propagation in tissue are determined by discrete 

scattering events, which occur due to the difference in refractive index of particles 

within the tissue from their surrounding media, such as cell wal ls and organelles from 

cytoplasm.  The strongest scattering in tissue is due to particles with dimensions 

comparable to the wavelength of light, if that light is in the ultraviolet to visible 

wavelength range, which is generally well described by Mie theor y. Mie theory is used 

ÛÖɯËÌÙÐÝÌɯÚÖÓÜÛÐÖÕÚɯÛÖɯ,ÈßÞÌÓÓɀÚɯÌØÜÈÛÐÖÕÚɯÍÖÙɯÓÐÎÏÛɯÛÏÈÛɯÐÚɯÙÌ-radiated after being 

incident on a collection of spheres with a different refractive index than their 

surrounding medium. The calculation requires the spherical particle surface area, the 

refractive index of the spheres and the medium, and the wavelength of light.  Among 

the results of a Mie calculation is the scattering cross-section for a single particle, „ȟ 
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which has units of area. The scattering cross-section multip lied by the concentration of 

particlesȟ ”, yields the scattering coefficient for the collection of particles in the medium, 

 ‘ ‗   ”„ ‗ [11].   The scattering probability in tissue is usually described by the 

scattering coefficient, which is the reciprocal of the scattering mean free path ὰ [11]:  

ὰ                (2-4)  

 Scattering in tissue is not isotropic; it is mostly forward scattering. The scattering 

phase function, ὴ▼Ͻ▼ , describes the fraction of optical energy incident from the ▼ᴂ 

direction, which is scattered into the direction of ▼, through the solid angle Ὠ . A 

second parameter known as the anisotropy coefficient, g, describing the average cosine 

of the of scattering event angles, can be defined in relation to the phase function [11], 

[29] as:  

Ὣḯ 
᷿ ▼Ͻ▼ ▼Ͻ▼

᷿ ▼Ͻ▼
᷿ ὴÃÏÓ—ÃÏÓ—ÓÉÎ—Ὠ— ÃÏÓ—        (2-5) 

Derivation of this result is given by  [29].  It is worth noting that the term   

in Equation 2-5 is not a universally accepted convention, and researchers use a variety of 

normalization schemes, yielding the same results if they are self-consistent  [29]. Often in 

DRS of tissue, the Henyey-Greenstein function is used to approximate  ὴ▼Ͻ▼  as: 

ὴ ÃÏÓ— Ȣ                                       (2-6) 

For tissues, g generally ranges between 0.4 and 0.99, but is usually close to 0.9. 

[11]. A more positive value of g means that scattering interactions are, on average, more 
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forward scattering (max( g) = +1), and media with isotropic scattering are described with 

g = 0. Often for transport of visible and NIR light in tissue, the reduced scattering 

coefficient is defined by the relationship between the anisotropy and the scattering 

coefficient: 

‘ ρ Ὣ‘                                                               (2-7) 

The reduced scattering coefficient, ‘, is especially useful for modeling of 

transport in tissues where Ὣ πȢψ because in this regime it has been shown that any 

combinations of Ὣ and ‘ which result in the same ‘ will result in the same diffuse 

reflectance [30], [31] ȭɯ3ÏÐÚɯÙÌÚÜÓÛɯÐÚɯÒÕÖÞÕɯÈÚɯÛÏÌɯȿÚÐÔÐÓÈÙÐÛàɯÙÌÓÈÛÐÖÕɀɯ[10]. 

The properties described above can be used to provide a fundamental 

description of photon transport in tissue in terms of the radiative transport equation 

(RTE). The RTE is generalizable for media containing sources of light, which is relevant 

for fluorescence, for polarization effects, as well as for time-dependent measurements. 

For the steady-state DRS measurements relevant to this work, the RTE is expressed as 

[11], [32], [33]:  

ίǶϽɳ╘►ȟ▼ ‘ ‘ Ὅ►ȟ▼ ᷿ ὴ▼Ͻ▼Ὅ►ȟ▼ Ὠ ὗ►ȟ▼          (2-8) 

where Ὅ►ȟ▼ is the optical intensity per unit solid angle The term  ‘ ‘ Ὅ►ȟ▼ 

decreases the intensity Ὅ►ȟ▼ due to scattering and absorption, and the integral term 

increases Ὅ►ȟ▼, accounting for scattering into the location ► from all other locations an d 

directions other than ▼. The last term on the right, ὗ►ȟ▼ , accounts for photons emitted 
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from a source, such as a fluorescent molecule or an optical fiber. For the DRS 

measurements relevant to this work, fluorescence is not considered, and the Q term 

contains only light from the system illumination fiber.  

The method of solving the RTE depends on the application. For applications with 

sufficiently high ratios of scattering coefficients to absorption coefficients and 

sufficiently large distances between illumination and collection locations to ensure a 

large number of scattering events for collected photons, a widely used analytical 

solution known as the diffusion approximation may be applied, which simplifies 

analysis [11], [34]. Unfortunately, analytical solutions to the RTE for geometries and 

optical properties of interest to the work reported herein have no t been developed. 

Typically, numerical solutions are applied for DRS, most commonly using the Monte 

Carlo method. 

The Monte Carlo (MC) method relies on randomly sampling the probability 

distributions that define the free path of a photon packet (an amount of energy) between 

successive scattering and absorption events and the change in direction imposed by each 

event. By tracking the propagation of sufficient individual photons, a realistic 

distribution is obtained. The distance ὒ between interactions can be calculated as [35]: 

ὒ                                                                (2-9) 

where ‚ is a random probability, with π ‚ ρ.  Similarly, the deflection at each 

interaction is calculated from the expression for ὴ▼Ͻ▼  by letting ÃÏÓ—  ÃÏÓς“‚, 
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again where π ‚ ρȟ and letting the azimuthal angle be randomly chosen from the 

interval -“ ÔÏ “.  The energy ὡ of the photon packets is decreased at each interaction by 

an amount ɝὡ, defined by [35]: 

ɝὡ  ὡ ρ                                                      (2-10) 

where for each nth interaction ὡ ὡ ɝὡ   [35]. So, for a medium where ‘ π, 

the transmitted packet is not degraded in energy, while for  ‘ π,  the packet is fully 

absorbed at any interaction. Once the photon packet reaches some lower threshold, it is 

considered absorbed. For 3D tissue modeling, the number of photon packets must be 

large to generate accurate results (>106 for a volume of a few mm 2). Since such a large 

number of interactions must be calculated for each packet, Monte Carlo simulations are 

often prohibitively computationally expensive. Recently, however, the widespread 

availability of general purpose graphical processing units (GPGPUs) and the 

parallelizable nature of the calculation of  photon transport in tissue has greatly 

increased the practicality of MC simulations [36] by increasing the speed of MC 

simulations by 300 to more than 1000 times.  

2.2 Crystalline Si PDs 

Single crystal silicon PN junction diode photodetectors (referred to herein as simply 

ȿ2Ðɯ/#ÚɀȺɯÈÙÌɯÌßÊÌÓÓÌÕÛɯÍÖÙɯÜÓÛÙÈÝÐÖÓÌÛɯÈÕËɯÝÐÚÐÉÓÌɯȹ45-Vis) light detection because they 

provide high responsivity and low dark current photodetection without requiring 

cooling, intensification, or high quiescent bias. The bandgap of Si (1.12 eV) is favorable 
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ÍÖÙɯÜÚÌɯÈÉÖÝÌɯÈÕËɯÛÏÙÖÜÎÏÖÜÛɯÛÏÌɯɁÛÏÌÙÈ×ÌÜÛÐÊɯÞÐÕËÖÞɂɯÐÕɯÛÐÚÚÜÌɯÍÙÖÔɯƚƔƔɯÛÖɯƕƕƔƔɯÕÔɯ

[17].  Si PDs can be manufactured to be physically robust, will not be damaged by 

exposure to light levels that do not damage tissue, and can leverage highly scalable, low 

cost, high volume Si manufacturing techniques. These characteristics make them ideal 

for integration into tissue spectroscopy instruments.  

To convert optical signals to electrical signals, any semiconductor photodetector 

must perform three processes: (1) generation of electron-hole pairs (EHPs), (2) 

separation and transport of EHPs, and (3) removal of carriers from the device as current.  

The basis for EHP generation is the absorption of photons with energy greater than 

the semiconductor bandgap energy (Ὁ  by electrons in the semiconductor valence 

band. This corresponds to a maximum photon wavelength  ‗ ͺ  of [37]: 

‗ ͺ  
Ȣ  

                                                       (2-11) 

where h ÐÚɯ/ÓÈÕÒɀÚɯÊÖÕÚÛÈÕÛɯÈÕËɯc is the speed of light. For Silicon at 300K, ‗
Ȣ  

Ȣ

ρȢρρ ‘ά. If surface reflections are ignored, the amount of optical power a semiconductor 

absorbs is characterized by the relationship [37]: 

ὖ  ὖ ρ Ὡ )                                                 (2-12) 

where ὖ ȟὖ ȟ‌‗ȟÁÎÄ Ὠ, are the power absorbed by the semiconductor, the power 

incident on the semiconductor, the wavelength -dependent optical absorption coefficient, 

and the optical path through the semi conductor, respectively. The likelihood that an 

absorbed photon will result in an EHP is the internal quantum efficiency (IQE). For UV -
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Vis and NIR photons with ‗   ‗ ͺ  which are absorbed by Si, the IQE is nearly one, 

but because of undesired recombination of photogenerated carriers, not all EHPs 

contribute to measurable current.  

To contribute to the photocurrent, if an EHP is generated inside the depletion 

region of a PN diode, or if its minority carriers are able to diffuse to the depletion reg ion 

before recombining, the electron and hole will be separated by the junction electric field 

and must be collected by the contacts before recombination. The electric field is 

characterized by width of the region in the semiconductor where the field exist s, and the 

built -in potential due to the integrated value of the field, ὠ . For an ideal, abrupt 

junction PN diode, ὠ  is given as, ὠ ÌÎ , where NA and ND are the acceptor 

and donor concentrations, ὲ is the intrinsic carrier concentration,  q is the electron 

charge, kB is the Boltzmann constant, and T is the temperature [38]. The depletion width 

is due to charge compensation and is inversely proportional to the concentration of 

acceptor (P-type) and donor (N -type) species in the P and N regions. For an ideal, abrupt 

PN junction, the depletion wi dth ὡ is ὡ ὠ ὠ , where ‭ is the 

relative permittivity of the semiconductor, ‭ is the permittivity of free -space, and ὠ  is 

the applied potential between the P-type anode and N-type cathode of the diode [38]. If 

ÈɯÏÐÎÏɯÙÌÚÐÚÛÐÝÐÛàɯȹÐËÌÈÓÓàɯÜÕËÖ×ÌËȮɯÖÙɯÐÕÛÙÐÕÚÐÊȮɯɁÐɂȺɯÙÌÎÐÖÕɯÐÚɯÓÖÊÈÛÌËɯÉÌtween a highly 

doped P region and a highly doped N region, an electric field will extend across the 

entire high resistivity region.  This will increase the probability that incident photons 
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will be absorbed in a depleted region, and hence increase the likelihood of carrier 

separation. P-i-N diodes are often used as photodetectors for this reason. Both the width 

of the depletion region and its location in the diode, determined by the PN junction 

location, ὼ, affect the spectral response, since the average depth of photon absorption 

depends on wavelength. The last required process, extraction of charge carriers, 

depends on the electrical quality of the quasi-neutral regions and contacts. Bulk lifetime 

and surface recombination velocity (SRV) are important p arameters determining the 

electrical quality, and significant effort is usually applied toward maximizing and 

minimizing them, respectively, using, for example, high purity semiconductor materials 

to minimize bulk recombination and surface passivation to r educe SRV.  

The probability that an incident photon will produce current in a PD, taking into 

account all recombination, reflection, and transmission losses, is characterized by the 

external quantum efficiency, EQE, or the responsivity, R. Responsivity and EQE are both 

dependent on factors such as optical reflectivity and transmission, as well as the 

efficiency of EHP extraction. Ideally the EQE can reach unity for all photons with 

wavelength less than ‗ ͺ  ,while responsivity decreases with decreasing wavelength, 

since by its definition, Ὑ‗
Ὅ ‗

ὖ ‗
 ȟ×ÈÅÒÅ ὖ ‗  f ȟÁÎÄ Ὅ ὉὗὉϽήϽ

f ×ÈÅÒÅ fis the incident photon flux [37].  
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The photocurrent density extracted by a PN junction PD is in opposition to 

conventional forward bias current flow in a diode, which (for an ideal diode) is given as 

[37]: 

                                            Ὅὠ Ὅ Ὡ ρ -  Ὅ                                    (2-13)  

where I0 is the diode reverse saturation current, which depends on the diffusivity, 

minority carrier concentrations, and diffusion lengths of electrons ( n) and holes (p). In 

the ideal diode relationship given above, V is the applied voltage, highlighting the 

advantage of operation at zero bias, so the total current is the measured photocurrent. 

Practically, there is non-zero current even in the dark, called the dark current or 

ɁÓÌÈÒÈÎÌɯÊÜÙÙÌÕÛȭɂɯ#ÈÙÒɯÊÜÙÙÌÕÛɯÐÚɯÓÈÙÎÌÓàɯËÜÌɯÛÖɯÛÏÌÙÔÈÓɯÌßÊÐÛÈÛÐÖÕɯÍÙÖÔɯËÌÍÌÊÛÚȮɯ

especially at surfaces. In addition to non-zero dark current, there is also noise such as 

shot noise, and noise in the circuits which measure the extracted current, as well as 

noise/fluctuations in the power of the incident light.  

Relationships for current flow in an ideal PN diode are necessary for adequate 

understanding o f operation, especially for practical issues of characterization and 

fabrication. However, for accurate prediction of performance, numerical modeling is 

required, such as that provided by the finite element analysis software Silvaco ATLAS, 

which is used for the work herein.  

Conventionally, Si PDs are fabricated in bulk semiconductor wafers that are 

hundreds of microns thick.  However, the thickness of conventional Si PDs is 



 

24 

undesirable for the SRDRS sensor described herein because light delivery through the 

aperture of a PD that is hundreds of microns thick generates significant unwanted PD 

ÊÜÙÙÌÕÛɯȹɁÉÈÊÒ-ÐÓÓÜÔÐÕÈÛÐÖÕɯÊÜÙÙÌÕÛɂȺɯÞÏÐÊÏɯËÌÊÙÌÈÚÌÚɯÛÏÌɯÚÌÕÚÖÙɯ2-1ȭɯ3ÏÐÕɯÍÐÓÔɯ

photodetectors offer an alternative to bulk devices, where the semiconductor 

photodetector can be made on the order of 1 to 10 ‘ά or thinner [39][40]. At this 

thickness level, the back-illumination current is minimal.  Also, looking to the future of 

SRDRS sensing, integration of these flexible, thin PDs onto flexible substrates enables a 

flexible sensor which can conform to less planar tissue formats [14], [41].   

 In general, thin film PDs may be realized from a variety of semiconductors: 

elemental or compound inorganic, organic, amorphous, polycrystalline, or 

monocrystalline [14], [42]ɬ[45]. This wide variety of mat erials can be used to fabricate 

thin film PDs via methods ranging from solution processing to  chemical vapor 

deposition to thinning of bulk monocrystalline semiconductor. While a variety of Si as 

well as non-Si materials may be used to realize thin film PDs, crystalline Si PDs are 

advantageous because, as noted, they display comparatively high responsivity as well as 

low noise due to dark current at room temperature, under low or no bias.  

However, there are important considerations from a PD device physics 

standpoint unique for thin film PDs. These include the increased significance of surface 

recombination due to increased surface area to volume ratio and an increase in optical 

loss due to transmission of unabsorbed photons due to the reduced absorbing thickness. 
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The increased significance of the SRV reduces the minority carrier recombination 

lifetime, which reduces the carrier diffusion length and thereby reduces the EQE. 

Provided the assumption that the excess carrier concentration has time to distribute 

uniformly in a sample, a relationship between the effective carrier lifetime, † , the 

SRV, ί, and the bulk † lifetime of a semiconductor with thickness Ὠ is given by [46]: 

 Ὀ‍                                                           (2-14) 

where Ὀ is the minority carrier diffusion constant, and:  

ÔÁÎ                                                                 (2-15) 

A representative plot for the case Ὀ σπ ὧάȾί and † ωπ ‘ί is given in Figure 

6 for a range of SRV values [46]. The issue of SRV is commonly addressed by passivation 

of surface states with SiO2 or Si3N 4 to reduce the SRV.  
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Increased optical transmission due to decreased absorber thickness is especially 

important for Si, which, because of its indirect bandgap, has a lower optical absorption 

coefficient than III -V semiconductors commonly used for thin film PDs. Considering 

UV-Vis light with a maximum wavelength of 700 nm, the minimum absorption 

coefficient is 1900 cm-1ȮɯÙÌÚÜÓÛÐÕÎɯÐÕɯƜƗǔɯÈÕËɯƕƙǔɯÖ×ÛÐÊÈÓɯÛÙÈÕÚÔÐÚÚÐÖÕɯÍÖÙɯƕɯϟÔɯÈÕËɯƕƔɯ

ϟÔɯÛÏÐÊÒɯ2ÐȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ.ÕÌɯÔÌÛÏÖËɯÛÖɯÙÌËÜÊÌɯÛÙÈÕÚÔÐÚÚÐÖÕɯÓÖÚÚÌÚɯÐÚɯÛÖɯÐÕÊÖÙ×ÖÙÈÛÌɯÈɯ

reflective back to the thin film PD, which can increase the optical path length to two 

times the physical thickness [47].  

2.3 Heterogeneous Integration of Thin Film Si PDs 

To utilize thin film Si PDs for reflectance collection in a DRS sensor, the thin film 

Si PDs must be bonded to a host substrate, typically comprised of a different material. 

Figure 6: A representative plot of the effect of SRV  on minority 

carrier lifetime as a function of wafer thickness and SRV for the 

case Ἆ  ἫἵȾἻ and Ἄ  Ἳ. [46]. 
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This process is a form of heterogeneous integration. Host substrates for thin film PDs 

have included transparent glasses [14], flexible polymers [14], [48], and integrated 

circuits [49].  

Heterogeneous integration of thin film PDs from crystalline Si requires two 

major fabrication steps (though not necessarily in the following order): (1) The thin film 

PD layer must be separated from its original bulk, o r have the bulk removed, and (2), the 

thin film Si PD material or device must be bonded to the desired substrate. The bond 

may also serve as an electrical contact to the host substrate, as in the case of 

thermocompression bonding [9], or it may be an insul ating bond such as silicone [50], or 

a photocurable adhesive [51].  

One method to separate a thin Si device from its original substrate is to undercut 

the thin device layer with an anisotropi c etchant. This method was demonstrated by 

[50], where ρυ ‘ά thick Si PDs formed in (111) silicon wafers were selectively 

undercut by KOH, after PN devices were defined using selective doping and deep 

reactive ion etching (DRIE). After the undercut, elastomeric silicone stamps were used to 

remove the diodes and transfer them to silicone-coated transparent polymer (PET) 

substrates.  

A variation of this approach is to begin with silicon -on-insulator (SOI) wafers, 

where the buried silicon-oxide (BOX) may serve as a selectively etchable sacrificial layer. 

This method was used to separate ρȢς ‘ά thick PDs from the SOI bulk, with 
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concentrated HF used to undercut the thin film PDs by selectively etching the 400 nm 

BOX [51]. After undercut, the thin devices were attached via van der Waals interactions 

to a pre-stretched silicone temporary carrier which was then relaxed t o its original 

concave shape. The thin film PDs were then transferred to a concave glass substrate 

coated in a photocurable adhesive (NOA 73, Norland) .  

An alternative approach to transfer ρπ ʈÍ thick Si PDs from SOI device layers to 

transparent glass substrates or flexible polymer substrates, as demonstrated by the 

Jokerst group [14], where instead of undercutting the thin film Si PDs from their initial 

host, the PDs were embedded in a temporary adhesive used to fix the PDs to a 

temporary glass substrate, and the Si bulk of the SOI was etched completely with the 

BOX serving as an etch-stop to protect the PDs. With the bulk Si gone, the BOX was 

removed in buffered oxide etchant, contacts were patterned to the exposed PDs, and the 

devices were aligned and bonded to their final host Au -patterned glass substrate using 

Au/Au thermo -compression bonding. 

 A variation of this SOI substrate removal approach was later demonstrated by 

Miller and Jokerst [41], where instead of bonding to a rigid glass substrate, thin film Si 

PDs were integrated onto a flexible polyimide substrate. Again, t hermocompression 

Au/Au bonding was used to bond the devices. Figure 7 provides an image of devices 

fabricated by this approach [41]. 
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An important consideration for any heterogenous integration process is how 

processing steps subsequent to device transfer to a host substrate will affect the integrity 

of the device-to-host bond. For example, vibrational energy from sonication, or high 

temperature gradients from substrate removal or rapid thermal annealing, may cause 

de-bonding.   

  

2.4 Motivation for and Prior Work on Direct Contact Collection of 
Reflectance with Si PDs 

Most DRS systems investigated to date have employed optical fibers to collect 

reflected light from tissue. As noted, important disadvantages of fiber bundles for 

detection of reflected light, compared to integrated semiconductor photodetectors, 

include the lower numerical aperture (NA), lower achievable packing d ensity (hence 

lower achievable SNR and resolution) [13], [52], and decreased customizability. The NA 

of typical fiber probes is less than 0.5, whereas Si PDs can readily achieve NA > 0.95 

Figure 7ȯɯ(ÔÈÎÌɯÖÍɯƕƔɯϟÔɯÛÏÐÊÒɯÚÐÕÎÓÌɯÊÙàÚÛÈÓɯ2Ðɯ/#Úɯheterogeneously 

integrated onto a flexible polyimide substrate, curved at a bunding 

radius of 15 mm [27].  
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using standard scalable microfabrication techniques. A reduced NA significantly 

restricts the acceptance angle of photons incident on an optical collector, which reduces 

the amount of diffusely reflected light collected by the sensor. Figure 8 illustrates the 

relationship between NA and photon acceptance angle graphically and provides 

reference acceptance angles for typical fibers based on an approximate tissue index of 

refraction of 1.35.  

Fiber packing density is limited by the necessity for optical fiber cladding layers, 

which lie between source and detector fibers, as well as by their inherent cylindrical 

geometry.  Low detector packing density is undesirable because it leads to a large 

ÍÙÈÊÛÐÖÕɯÖÍɯÜÕÊÖÓÓÌÊÛÌËɯ×ÏÖÛÖÕÚȮɯÞÏÐÊÏɯÙÌËÜÊÌÚɯÛÏÌɯÚàÚÛÌÔɀÚɯÈÊÏÐÌÝÈÉÓÌɯ×ÏÖÛÖÕɯÊÖÓÓÌÊÛÐÖÕɯ

efficiency. This contributes to the need to use cooled and or intensified high quantum 

efficiency detectors, such as charge-coupled device arrays (CCDs) or photomultiplier 

tubes in fiber-based photon collection systems for DRS [11], which is inconsistent with 

the goal of a physically and economically scalable approach.  High power light sources 

Figure 8: (Left) Illustration of the relationship between NA and acceptance angle, and 

(Right) reference acceptance angles for typical fibers based on an approximate tissue 

index of refraction of 1.35  
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can be used with more conventional fiber and detection systems to compensate for the 

low collection efficiency, but only to a limited extent because of maximum pe rmissible 

exposure limits on tissue illumination.  

Early DRS systems utilizing Si detectors for photon collection relied on 

commercially available, packaged PDs [53]ɬ[55]. Compared to traditional systems, DRS 

systems relying on commercially available PDs for reflectance collection have been able 

to reduce system size and cost [55]ɬ[57], improve SNR [53], and improve d ynamic range 

of collection [54]. Examples of these systems are shown in Figure 9.  

Another system [58] which implemented commercial Si PDs for collection as well 

as commercial LEDs for illumination was able to dramatically reduce the system size so 

as to be compatible with the sub-millimeter diameter EUS -FNA needles needed for 

endoscopic evaluation of potential pancreatic precancer. The dramatic size reduction in 

this approach compared to previous commercial -PD based approaches was achieved by 

incorporating bare PD and LED die, rather than fully packaged optoelectronics [58]. A 

diagram and an image of this system is provided in Figure 10.  

Although systems incorporating commercial PD components as reflectance 

collectors have demonstrated significant benefits, the improvements are still limited 

compared to systems that utilize custom PDs and PD arrays. Off -the-shelf components 

have predetermined geometries that limit the achievable packing fraction and 

customizability. Additionally, even if bare die PDs are used, off the shelf components 
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are not thin film, and have significant surface topology which can i nterfere with tissue 

measurements. 

  

Figure 9: (Clockwise from top left) [32] ɬ[34], [36] . Examples of tissue 

DRS systems which utilized commercial PDs rather than optical 

fibers for photon collection.  

Figure 10: (Left and center) A diagram of the EUS -FNA compatible DRS probe, comprised 

of two detection pixels. (Right) Photomicrograph of the PD and LED die which comprise 

the collection and illumination elements of the DRS probe [45].  
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 Addressing these drawbacks, further improvement in DRS system performance 

was demonstrated by replacing collection fibers with custom annular Si PDs rather than 

off -the-shelf devices [24].  

The Jokerst group demonstrated that when illumination was provided through 

custom annular PD apertures in a DRS system, the  packing density, SNR, and spectral 

response [23] were all increased. It was also shown that high responsivity, l ow dark 

current, annular Si PDs could be fabricated by transferring thin (ρπ ‘ά) Silicon on 

Insulator (SOI) devices to flexible and transparent substrates [14], which paved the way 

for further heterogeneous integration of Si PDs into reflectance imaging systems. An 

image showing the DRS spectral imaging array with annular Si PD reflectance collectors 

is shown in Figure 11 [13].  

Figure 11: (Left) cross section diagram of the illumination configuration for the custom Si 

PD DRS imager developed by the Jokerst group [38]; (Middle) an image of tissue facing 

side of the packaged 4x4 pixel array with orange illumination visible at the PD apertures 

[13]; (Right) closer views of the 4x4 array as well as an individual annular pixel.  
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To extend these benefits to spatially resolved measurements sensitive to photon 

path length, the Jokerst group developed an SRDRS probe consisting of 24 concentric 

annular PDs, providing 24 distinct SDSs to a single illumination aperture [12], [59]. This 

prototype Si PD SRDRS probe, shown in Figure 12, represents the first fully realized 

SRDRS probe which uses semiconductor PDs directly in contact with the interrogated 

tissue of interest, in place of collection fibers [59]. 

In another approach to leveraging Si PDs for photon collection, a proposed DRS 

system based on an array of CMOS Si PDs with thin film deposited optical filters and 

shared white-light and UV sources has been investigated [60], [61]. In this system, each 

PD is to select for a different wavelength range [60], [61]. A prototype for part of the 

Figure 12ȯɯ"ÓÖÊÒÞÐÚÌɯÍÙÖÔɯÛÖ×ȯɯ ÕɯÐÓÓÜÚÛÙÈÛÐÖÕɯÖÍɯÛÏÌɯɁÉÈÕÈÕÈɂɯÚÏÈ×ÌÚɯÖÍɯÛÏÌɯ

paths of collections of detected photons for three ICGs [47].  A 

photomicrograph of the illumination aperture and inner 10 Si PDs. A photo of 

the entire packaged 24 PD SRDRS array reported  in [12]. 

 



 

35 

proposed collection portion of the system has been produced [62]. In this approach the 

Si PD collectors are implemented in a rectangular grid, and a prototype of a Si PD array 

has been produced in a 0.7 ʈÍ CMOS process, along with integrated light -to-frequency 

ÊÖÕÝÌÙÛÌÙɯÊÐÙÊÜÐÛÙàȭɯ3ÏÐÚɯÎÙÖÜ×ɀÚɯÞÖÙÒɯÐÚɯÌÚ×ÌÊÐÈÓÓàɯÚÐÎÕÐÍÐÊÈÕÛɯbecause they note both 

the potential benefits of measuring DRS directly with Si PN PDs, as well as for 

identifying a minimum set of wavelengths for information extraction such that the 

spectrometer/monochromater component of the system may be removed. A diagram of 

the DRS system envisioned by [60], [61] is shown in Figure 13.  

 Important distinctions between the work described in this dissertation versus 

prior work involving PD based collection of diffuse reflectance from tissues are that the 

present work: (1) uses custom Si PDs designed for compatibility with an endoscopic 

application; (2) used a novel design process to optimize the ICGs for a specific tissue 

characterization application; and (3) is both thin film and provides spatial resolution.  

Figure 13: (Left) A fiber -less Si PD array based DRS probe [48]. (Right) Fabricated 

prototype circuit of an array of n+/p and p+/n CMOS Si PDs, integr ated with light -to-

frequency converters [50].  
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2.5 Relevant Prior Work on Endoscopic Tissue DRS and SRDRS 

The following section provides a review of prior work and current status of DRS 

and SRDRS systems for endoscopic applications. The focus is placed on systems that 

have been demonstrated for colon or esophageal applications, especially applications on 

characterization of dysplasia, but other endoscopic applications such as pancreatic 

cancer screening are included, as well. The following sections are intended to provide a 

representative rather than comprehensive review of prior work.  Section 2.5.1 describes 

DRS systems in general, and Section 2.5.2 focuses on SRDRS systems.   

2.5.1 General Endoscopic Tissue DRS Prior Work 

In contrast to general tissue DRS studies that may be performed using off-the-

shelf fiber probes [63]ɬ[65], the majority endoscopic DRS systems have relied on custom 

fiber probes to achieve smaller outer diameters and more flexibility. Most 

endoscopically compatible probes reported consist of pair of fibers: a single fiber for 

illumination and a single fiber for  detection [6], [22], [66]ɬ[70], or a single small diameter 

ȹǽƖƔƔɯʈÍ) illumination fiber with multiple small diameter detection fibers arranged 

symmetrically around the central fiber  [71], [72]. These configurations facilitate 

fabrication of probes compatible with the diameter of an endoscope instrument channel 

(nominally 3 mm).  

An early clinical demonstrat ion of endoscopic DRS for characterization of colon 

tissue was reported in 1996 by Mourant et al. The DRS probes consisted of 200 ʈÍ core 
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diameter collection fibers and either a single 500 ʈÍ or multiple 200 ʈÍ diameter 

illumination fibers, if a tighter be nding radius was needed [69]. Extraction of 

information from the earliest clinical endoscopic DRS work r ÌÓÐÌËɯÓÈÙÎÌÓàɯÖÕɯɁÉàɯ

ÐÕÚ×ÌÊÛÐÖÕɂɯÚ×ÌÊÛÙÈÓɯÈÕÈÓàÚÐÚɯÈÕËɯÍÖÙÔÜÓÈÛÐÖÕɯÖÍɯÊÓÈÚÚÐÍÐÌÙÚɯ[69], [70]. For example, Figure 

14 displays the differentiation between benign, precancerous, cancerous, and IBD 

inflamed colon by plotting two different integrated portions of the DRS signal against 

one another [69]. Another example is given by [21], where discrimination between 

malignant and nonmalignant bladder tissue was through the slope of the 330 nm to 370 

nm spectral window. To improve accuracy, spectral analysis for tissue classification 

from endoscopic DRS evolved to utilize pattern recognition and classification tools such 

as PCA [6], neural networks [73], and support -vector machines [74], [75].  

Figure 14: An example of an early classification approach, where integrated 

portions of the spectra were plotted against one another to differentiate 

classes of colon mucosa [58]. 
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Improved theoretical understanding and modeling of reflectance at the compact 

ICGs of endoscopic DRS probes yielded extraction of quantitative tissue information [76] 

(e.g. tissue optical properties ‘ȟ‘). As noted in Section 2.1, quantitative extraction of 

optical properties enables inferences of tissue biochemistry and morphology to be made, 

which gives insight to qualitative classifications. The ability to quantitatively measure 

certain specific tissue characteristics from DRS, such as distribution of nuclei diameter, is 

still an active area of research with some disagreement in the literature [77], [78].  

Another recent advance in endoscopic DRS has been the integration of DRS 

probes wi th standard endoscopic biopsy tools such as forceps [9]. This is particularly 

important for two reasons: (1) it improves the co -registration of optical measurements 

with physical biopsies, which in turn improves the accuracy of analysis of measured 

spectra; and (2) it reduces the interruption of the normal procedural  flow of endoscopy . 

Figure 15 displays a diagram as well as an image of the forcep-integrated biopsy tool 

reported by Rodiguez -Diaz et. al. [74]. The probe in this study utilized a single 200 ʈÍ 

core fiber with 0.22 NA for illumination and another fiber of the same type for collection. 

While this probe achieved the best-to-date diagnostic performance reported, the system 

performance was dependent on exclusion of an entire class of neoplastic lesion, as well 
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as on implementing a confidence-dependent decision rate. A graph of the sensitivity and 

Ú×ÌÊÐÍÐÊÐÛàɯ×ÌÙÍÖÙÔÈÕÊÌɯÖÍɯÛÏÐÚɯÞÖÙÒɯÐÚɯËÐÚ×ÓÈàÌËɯÐÕɯ%ÐÎÜÙÌɯƕƚȮɯÞÏÌÙÌɯȿÙÌÑÌÊÛÐÖÕɀɯÔÌÈÕÚɯ

that the algorithm declines to provide a tissu e classification for cases where the 

classification confidence is below a predetermined threshold.   

Figure 16: Diffuse -reflectance probe integrated with biopsy forceps to provide optical 

screening of pre -cancer in the colon [63]. (a) Cross sections of normal as well as probe -

integrated forc eps; (b) Image of the forceps illuminating a mm -scale ruler. 

 

Figure 15: Sensitivity and specificity dependence on the confidence -dependent decision 

rejecÛÐÖÕɯÙÈÛÌɯȻƚƗȼȮɯÞÏÌÙÌɯȿÙÌÑÌÊÛÐÖÕɀɯÔÌÈÕÚɯÛÏÌɯÈÓÎÖÙÐÛÏÔɯËÌÊÓÐÕÌËɯÛÖɯ×ÙÖÝÐËÌɯÈɯÛÐÚÚÜÌɯ

classification.  
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2.5.2 Endoscopic Tissue SRDRS Prior Work 

As noted previously, adding spatial resolution to DRS measurements increases 

the inform ation content of the tissue measurement. One benefit of increased information 

content is that optical properties can be extracted from tissue without broadband 

illumination. In one of the earliest reported systems for endoscopic SRDRS, Bays et. al. 

used an SRDRS probe with a variable illumination to collection distance to extract 

optical properties from tissue phantoms as well as human oral tissues using two 

wavelengths, 630 and 514 nm [79].  However, the device relied on measurements from 

large source-to-collection distances, which made the system less reliable for 

measurements on media less than 1 cm thick. Additionally, as the authors note, a 

problem with measuring layered tissues with mu ltiple collection geometries but only 

two wavelengths is that the differences in the volumes interrogated at each 

measurement are not reflected in the extracted volume-averaged optical properties. A 

cross sectional diagram of the probe used in this work is shown in Figure 17(a).  

In another early investigation, Ge et. al. [73] used endoscopic SRDRS to identify 

colonic dysplasia and neoplasia using pattern recognition algorithms.  The probe 

consisted of a bundle of 16 randomly placed 200 ʈÍ core fibers, half of which were used 

for collection and half used for illumination. Althou gh the authors did not explicitly 

describe the probe as spatially resolved, they did exploit the multiple illumination and 

collection fiber placements at each measurement to increase the dimensionality of the 
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inputs to the pattern recognition algorithms. T he algorithms investigated included 

multiple linear regression (MLR), linear discriminant analysis (LDA), and a 

backpropagating neural network (BNN). Based on a total of 224 tissue spectra from 107 

tissue samples, the MLR recognition was found to be the most successful, with mean 

predictive accuracy of 85%, specificity of 75%, and sensitivity of 89% for distinguishing 

between hyperplastic (benign) and adenomatous (malignant) polyps in vivo. A diagram 

of the system and probe tip is provided in Figure 17(b).  

 Images of several more recent contributions to endoscopic SRDRS are shown in 

Figure 17(c-d). In Figure 17(c), Wang et. al. [80] measured hemoglobin oxygenation and 

concentration in colon tissues using a fiber probe with five illumination to collection 

geometries ranging from 0.6 mm to 5 mm. The fibers used had 200 ʈÍ core diameters, 

with the distal end of each fiber polished to a 450 angle, so that the probe was side-firi ng. 

This work relied on larger illumination to collection distances to make the diffusion 

approximation valid, and the authors quantitatively measured hemoglobin 

concentration and saturation, although it is unclear how the instrument would perform 

for extr action of scattering properties for the shallow volumes relevant to 

gastrointestinal precancer characterization [26].  

 Figure 17(d) displays the image of a combined SRDRS and microendoscopic 

imaging fiber bundle developed by Greening et al. [26]. The reported probe consists of 

five 200 ʈÍ fibers used for SRDRS analysis arranged around an imaging fiber bundle. 
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An important contribution of this wor k was the demonstration of a high accuracy ( <10% 

mean error) extraction of optical properties at multiple illumination to collection 

distances (minimum of 374 ʈÍ) using an experimentally derived look -up-table (LUT) 

based inverse model [81] approach which does not rely on analytical approximations  to 

the RTE (e.g. phase function models), or on hybrid analytical-empirical modeling which 

may not account for system-specific optical characteristics [76]. The inverse model was 

used by Greening et. al. to quantify the increased sensitivity to changes in extracted 

scattering coefficient at a shorter illumination -collection distance compared to a longer 

one. 

 More recently, Zhang et al. [78] demonstrated the very compact fiber probe 

shown in Figure 17(d), which is intended for endoscopic ultrasound -guided fine -needle 

aspiration (EUS-FNA) of pancreatic cysts. The probe is composed of seven 100 ʈÍ core 

diameter fibers, has an outer diameter of 450 ʈÍ in order to fit inside a 510 ʈÍ aspiration 

needle. The center-to-center distances between the illumination fiber (bright in the 

image of Figure 17(d)) and the collection fibers were 120, 220, and 240 ʈÍ, making it  one 

of the most compact reported probed used for SRDRS. The information extraction 

approach in this work relied on separating reflected photons which experience many 

scattering events from the photons which are reflected after a single large angle 

scattering event. The motivation for this is that single scattering events are much more 

sensitive to changes in nuclei diameter distributions and can therefore be highly 
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predictive for dysplasia. This promising work is built upon analytical models and 

approximat ions which have been criticized in the past for being inaccurate in practice 

[77], but the smaller ICG with the spatial resolution of the new system is intended to 

correct the previous problems.    

 An approach intended to improve characterization of superficial tissue while 

maintaining the applicability of the diffusion approximation (which expedites analysis) 

has been the use of obliquely incident illumination and collection probes. In Figur e 

17(d), the image of a probe developed by Garcia-Uribe et al for this purpose is shown 

[82], where the illumination from the source fiber is positioned at a 45 0 angle with 

respect to the collection waveguides. The collection waveguides in this case were 

fabricated from SU-8, and as shown in Figure 17(d), they sampled a small fraction of the 

probe surface.  Scattering and absorption coefficients from the probe were extracted 

from the measured reflectance of normal and excised cancerous pancreatic tissue, and 

the authors showed that the average scattering coefficient in the 450 to 750 nm 

wavelength range increased for tumor compared to normal tissue, which is in agr eement 

with previous findings in the literature [72]. However, the trend in increased scattering 

with carcinogenesis was only demonstrated for 3 normal locations and 3 cancerous 

locations, and no follow up assessment on the accuracy of the extracted scattering 

coefficients or of the repeatability of the trend as a diagnostic has been reported.  
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 There are also SRDRS systems reported for endoscopic applications which utilize 

additional optical components such as ball lenses [83] or polarization filters [84], [85]. 

However, integration of kinds of these optical components make systems far less 

scalable then Si PD based approaches.  

This chapter provided a discussion of relevant theory and prior research on 

tissue optics, tissue spectroscopy, and silicon photodetector technology. Theoretical and 

0.1 mm 

a 
b 

c d 

e f  

Figure 17: Various implementations SRDRS probes for endoscopy. Images in (a -e) 

were taken from [68] [62] [69] [10] [67] [71], respectively. Descriptions of each system 

are provided in the text.  
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computational methods to analyze and model diffuse reflectance spectroscopy (DRS) 

and spatially resolved DRS (SRDRS) systems were described in Section 2.1. Crystalline Si 

photodetector (PDs) and heterogeneous integration of thin film Si PDs relevant to 

implementing SRDRS systems were discussed in Sections 2.2 and 2.3, respectively. 

Motivation for and prior work on using Si PDs in tissue SRDRS systems was discussed 

in Section 2.4, and relevant prior work on endoscopic tissue DRS and SRDRS was 

discussed in Section 2.5. 
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3. Prototype Si SRDRS Endoscopic Sensor Design and 
Fabrication 

Previous work by the Jokerst group has demonstrated the efficacy of Si photodiode 

arrays as replacements for multiple collection fibers in SRDRS systems [59], [86]. The 

initial focus of the work described herein was to expand upon the previous work of [59], 

[86] and achieve the goals of creating a device which may serve as an informative 

progression toward an endoscope-compatible SRDRS probe, as well as demonstrating 

the utility of thin -film c -Si on a transparent substrate as the photosensitive material for 

concentric photodiode sensor arrays.  

3.1 Design 

An early primary design constraint for the prototype device was to limit the area of 

the photodiode array to be compatible with the diameter of standard endoscope 

instrument channels (aka working channels), which is typically 3 mm [87], as shown in 

Figure 1, although an eventual implementation may not necessarily need to be limited to 

insertion of the diode array through the instrument channel (i.e. it could be an 

attachment or integrated onto the tip or sides of the endoscope itself since the 

photodetectors are in thin film format, and are flexible, and can be bonded to a surface).  

To facilitate completion of a prototype device, the footprint of the probe package was 

not limited to a 3 mm diameter. The package includes the photodiode array in addition 

to electrical leads and connection to an optical fiber.   

To design the photodiode geometry to be optimal for analysis of colon epithelial 
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tissue, reported scattering and absorption coefficients for normal colon tissue and 

adenomatous colon polyp tissue [7] were used to analyze the effect of probe detector 

dimensions on device performance. Seven wavelengths located at peaks in the difference 

between the adenomatous and normal tissue absorption and scattering coefficients from 

were chosen for the optimization, and the optical property pairs ( ma and ms) at these 

wavelengths were then used as inputs to a Monte-Carlo model implemented in the 

commercial Zemax software (Zemax, USA). The resulting 14 pairs of optical properties 

that were used to estimate the reflectance are displayed in Table 1.   

Table 1: Optical properties used to inform the geometry of the initial SE -SRDRS 

probe. Adapted from Zonios et al [4]. 

 adenomatous normal 

ȟἶἵ А╪ȟἵἵ  А▼ȟἵἵ  А╪ȟἵἵ  А▼ȟἵἵ  

415 4.7 11 2.6 13 

430 3.6 9.2 1.4 11 

515 0.62 5.5 0.2 7.6 

540 1.1 5.5 0.36 7.3 

555 0.86 5.4 0.24 6.9 

577 1 5.3 0.33 6.6 

650 0.09 4.1 0.04 5.3 

 

The phase function was modeled using the Henyey-Greenstein approximation, and 

the anisotropy factor g was approximated as 0.9, since this is a commonly used value for 

this kind of tissue when the actual wavelength -dependent anisotropy factor is not 

known [7], [11], [88]. For these initial simulations used to inform prototype design, an 
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illumination aperture o f 0.75 mm diameter was chosen along with a 1 mm diameter 

single core multimode optical fiber with a 0.39 NA, since previous work has shown that 

this aperture and fiber combination was able to provide sufficient optical throughput for 

reflectance measurements using the light source and monochromater available at the 

time of the design: a 450 W Xenon lamp (MAX-302, Asahi Spectra) coupled to a double 

grating monochromator (Gemini 180 -Jobin Yvon Horiba).  

To estimate the spatial distribution of the reflectance for the 14 pairs of optical 

properties described in Table 1, an annular detector with inner and outer radii of 0.375 

mm and 1.5 mm, respectively, was used in the simulations. The inner radius was set by 

the desired aperture and the outer radius by the 3 mm outer diameter endoscope limit. 

The available PD area was divided into three semi-annular PDs as an initial condition 

Figure 18: Zemax geometry and representative photon paths for a cross section (left). On 

the right, the annular pixelated detector used to estimate the spatial distribution of 

reflectance for the optical properties described in Table 1.  
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for number of PDs in the array. If modeling had revealed that three PDs provided all 

PDs with a surplus of photocurrent, the number would have been increased, and vice 

versa. Simulations were used to optimize the size of the annular photodetector array 

within these radius constraints.  For the model, the detector was partitioned into 180,000 

pixels of equal area (at 2000 radial and 90 angular regions). The model is described by 

Figure 18.  

The modeled reflected power as a function of radius from the center of the 

illumination aperture for the 14 pairs of optical properties (seven wavelengths for both 

normal and adenoma tissue) are the data displayed in Figure 19.  Each reflected power 

distribution, ὖὶȟ‗, available to the PDs for conversion to photocurrent was evaluated 

for various PD geometries, taking into account the following expected conditions: (1) 

Figure 19ȯɯɯ#ÐÚÛÙÐÉÜÛÐÖÕɯÖÍɯ/ȹÙȮɯϞɯȺɯÈÚɯÈɯ×ÌÙÊÌÕÛɯÖÍɯÛÏÌɯÐÕÊÐËÌÕÛɯÍÖÙɯÛÏÌɯ,ÖÕÛÌɯ"ÈÙÓÖɯ

simulations used to inform the geometry of the prototype. In the legend, ibi is back 

illumination current.  
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absorbing area lost for each PD due to shadowing by opaque contacts; (2) areas between 

the n-wells and between the inner PD and the illumination aperture; (4) expected dark 

current density; (5) nominal minimum optical power provided by the available lamp 

and the expected light source noise at those powers; and (6) the expected responsivity 

for similar diodes fabricated in material similar to the silicon on insulator (SOI). 

Additionally, the reflected power incident on the inner sidewalls of the Si device region 

before scattering in the tissue, (back illumination), was modeled since this power would 

result in undesired back illumination current. The back -illumination power distribution 

ÐÚɯËÐÚ×ÓÈàÌËɯÈÚɯÉÓÈÊÒɯÔÈÙÒÚȮɯÞÐÛÏɯÈÓÓɯÞÈÝÌÓÌÕÎÛÏÚɯÊÖÔÉÐÕÌËȮɯÈÕËɯÕÖÛÌËɯÈÚɯɁÐÉÐȮɯÈÓÓɯ‗ɂɯÐÕɯ

the figu re legend. The vertical red dashed line in Figure 19 marks the radial position 

where the back-illumination power incident on the Si PD was modeled to fall to zero. 

The modeled absolute diffuse reflectance, ὈὙ ‗, for a PD with inner diameter ὶ and 

outer diameter ὶ is related to the modeled reflected power distribution, ὖὶȟ‗, by: 

ὈὙ ‗
᷿ ȟ

                                                       (3-1) 

To use the data from Figure 19 to inform decisions of how to divide up the 

available silicon into multiple PDs, which were limited by the design constraints 

described earlier, the following three criteria were used:                

1. Each PD defined in the probe should have enough absorbing area that the 

minimum  modeled signal current, ÍÉÎ Ὅ ͺ ‗ȟὖὈ  across all wavelengths and 

PDs simulated should be 80 pA, enough to exceed predicted dark currents (see basis for 
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predicted dark currents below). The signal current was found for each PD at each 

wavelength as: 

Ὅ ͺ ‗ȟὖὈ Ὅ ͺ ‗ȟὖὈ Ὅ ͺ ὖὈ              (3-2) 

where Ὅ ͺ ‗ȟὖὈ is the modeled current due to diffuse reflectance from the 

tissue, and Ὅ ͺ ὖὈ is the expected dark current. The modeled current was 

found by multiplying the optical power at each PD (found by Monte Carlo) by 

responsivity values for thin -film Si PDs previously fabricated by the Jokerst group [14]. 

The estimated/predicted dark current for each PD was found by multiplying the PD area 

by the reported dark current density of thin -film Si PDs previously fabricated by the 

Jokerst group [14]. For every combination of PD1 width, PD2 width, and PD3 width 

modeled, the single ÍÉÎ Ὅ ͺ ‗ȟὖὈ  was found. The absolute minimum 

acceptable signal current was assumed to be 80 pA, based upon expected dark current 

densities reported for similar PDs by the Jokerst group [89], but higher signal currents 

are more desirable, since they increase the SNR. The source optical power was modeled 

as the measured 450 W Xenon lamp (MAX-302, Asahi Spectra) coupled to a double 

grating monochromator (Gemini 180 -Jobin Yvon Horiba) output with a minimum of 2.2 

uW at 650 nm.  

2. The 40 dB minimum SNR criterion was used so that the SNR performance of the 

sensor would be on-par with previous systems which have achieved high accuracy 

tissue optical property extraction [90], [91]. In order to calculate the achievable SNR, 
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experimental data from photodiodes fabricated in a similar thin film Si material was 

used to estimate expected dark current density, dark current standard deviation, and 

standard deviation of s ignal currents. To calculate expected SNR, the following 

definition was used:  

ὛὔὙ ςπϽὰέὫ
ͺ ȟ ͺ  

ͺ ͺ
 

                        (3-3) 

where „
ͺ

 and „
ͺ

 are the variances of the signal photocurrent 

and dark current, respectively.   

3. Signal contrast percent was evaluated to include the impact of device geometry 

on the ability o f the probe to differentiate between reflectance from the two sets of 

optical properties used for these simulations (adenomatous polyp and normal polyp). 

Signal contrast percent was defined as: 

ɜ‗ȟὖὈ ρππϽρ
ȟ

ȟ
                                          (3-4) 

where ὃ and ὔ are the reflectance from media with optical properties from 

adenomatous and normal tissue, respectively, at the same wavelength ‗ and from the 

same single PD. In an effort to compare the contrast across all 7 wavelengths simulated 

and for all 3 PDs as a function of the PD geometry, the following product of means 

figure -of-merit (FOM) was used [92]: 

  Ὂὕὓɜ ɩ άὩὥὲɜ‗ȟὖὈȟ‗  τρυȟτσπȟυρυȟυτπȟυυυȟυχχȟφυπ         (3-5) 
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Equation 3-4 is useful because reducing the dimensionality of the contrast data enables 

side-by-side comparison of the overall contrast level and other parameters such as 

current and SNR.  

The following Figures 20 to 22 are intended to explain how applying the 

constraints and criteria described in the past few pages to the simulation results 

displayed in Figure 19 led to a set of PD widths which were optimized for the tissue 

optical properti es relevant to this work. For all of the analysis, a τυ ‘ά offset of PD1 

from the aperture was imposed, in order to avoid the large back illumination power 

shown as black marks on Figure 19, as indicated by the vertical red dashed line in Figure 

19. Addi tionally, a minimum feature size of ψ ‘ά was imposed to accommodate a low-

cost implementation (smaller minimum feature sizes are more costly to manufacture). 

Figure 20: (Left) A conceptual diagram of how the absorbing area was divided for 

the starting place of dividing the available Si into 3 concentric PDs chosen for 

initial investigations. (Right) Minim um expected signal current contour for 

varied PD2 and PD3 width for fixed PD1 width.  
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This resulted in a minimum contact width of ψ ‘άȢ Additionally, a ω ‘ά spacing was 

chosen for the spacing between each PD to minimize the non-detecting area between the 

PDs.  

An overview of the device structure is provided on the left side of Figure 20. The 

right side of Figure 20 shows how the minimum signal current varies as a function of 

PD2 and PD3 widths for the chosen fixed value of υψ ‘ά PD1 width. For this case the 

highest value of minimum signal current, άὥὼάὭὲὍ ͺ ‗ȟὖὈ , was found 

to be 86 pA. The value of υψ ‘ά PD1 width was found by iteratively generating 

minimum current contou rs for a number of fixed PD1 width values.  For values of PD1 

width smaller or larger than υψ ‘ά, the minimum current was found to be less than 86 

Figure 21: A representative set of current contours for the minimum signal 

current at a fixed PD1 width for varied widths of PD2 and PD3, across all 3 

PDs and all 14 optical property sets simulated.  

 



 

55 

pA for any combination of PD2 width and PD3 width. Representative set of plots from 

this iterative optimiza tion process is shown in Figure 21, where the maximum value of 

the contour is denoted as (άὥὼ άὭὲὍί .  

The airfoil shape of the contours describing minimum current are the result of 

the give and take relationship between the area allotted to each PD, to the distance from 

the source to that PD and from the source to the other PDs, and the dark current of the 

PDs. This is because Ὅ ͺ ‗ȟὖὈ decreases exponentially with increasing PD 

distance from the illumination aperture, while  both Ὅ ͺ ὖὈ and 

Ὅ ͺ ‗ȟὖὈ increase with increasing PD area. The value of Ὅ ͺ ‗ȟὖὈ was 

found by integrating the radial optical power distributions shown in Figure 19 from the 

inner PD radius, ὶ, to the outer radius, ὶ, subtracting the power distributions between 

the contact inner diameter, ὧ, and outer diameter, ὧ, and scaling by the responsivity, 

Ὑ‗, and angular-fraction of the semi-annulus (area of semi-annulus compared to a full 

annulus with the same radii), 0.9, were Ὑ‗ from [14] was used.  Ὅ ͺ ‗ȟὖὈcan 

be expressed as: 

Ὅ ͺ ‗ȟὖὈ  Ὑ‗ϽπȢω  ᷿ ὖὶȟ‗Ὠὶ  ᷿ ὖὶȟ‗Ὠὶ                     (3-6) 

, where ὖὶȟ‗ is the modeled reflected power radial distribution for each wavelength 

simulated. The increase in dark current with area was calculated as:  

Ὅ ͺ  ” ϽπȢωϽ“ὶ ὶ              (3-7) 
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where the dark current density, ” , used was 140 pA/cm2 [89]. The dark current 

density was used to model the background dark current predicted for each PD, which 

was expected to be proportional to device area. The dependence of the minimum current 

at any PD1 width on the value of the PD2 width is a result of the exponential decrease in 

photon flux as a function of increasing distance from the source, as well as on the dark 

current generated by PD2. For example, for the case of PD1 width υψ ‘Í, when PD2 is 

smaller than ψͯυ ‘Í, PD2 is the limiting diode, because the dark current generated is 

larger than the photocurrent that can be generated for such a small absorbing region. 

When PD2 is larger than ͯ ψυ ‘Í, the current is limi ted by PD3, which is pushed further 

from the illumination aperture as PD1 and PD2 widths are increased. If PD2 is not 

limiting, then increasing PD3 width can increase signal current as long as PD1 and PD2 

are not too wide. This is why for the case of PD1 width = .058 mm, the current increases 

rapidly as a function of PD3 width for 0.2 mm  PD3 width  0.5 mm. The slight 

curvature down on right hand side of the minimum current contour shows that as PD3 

is made sufficiently large, the increase in dark current  (proportional to area), increases 

faster than the additional input optical flux which is available to collect to produce 

photocurrent. The curvature is most pronounced for the largest PD1 widths, as shown in 

the lower right of Figure 21.  

 From the contours in Figure 20, it can be seen that for the PD1 width of υψ ‘ά, 

there is a range of acceptable widths for PD2 and PD3 (widths that provide a minimum 
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current greater than 20 pA). The choice for PD2 and PD3 widths was then determined 

by comparing the dependence of the minimum SNR and the defined contrast FOM. This 

comparison is depicted in Figure 22, which shows that the minimum SNR increases 

(desirably) with decreasing PD2 and PD3 width, while the contrast FOM increases with 

increasing PD2 and PD3 width. The SNR > 40 dB criterion is satisfied to the left of the 

ÙÌËɯËÐÈÎÖÕÈÓɯÓÐÕÌɯÔÈÙÒÌËɯɁƘƔɂȭɯɯ ÚɯÕÖÛÌËɯÉàɯÛÏÌɯÓÈÉÌÓÌËȮɯÉÓÈÊÒȮɯÚØÜÈÙÌɯÔÈÙÒÌÙɯÐÕɯÛÏÌɯ

center of Figure 22, for PD3 width = 0.55 mm and PD2 width = 0.1 mm, the design 

constraint of minimum SNR > 40 dB is satisfied, the minimum signal current i s close to 

its maximum value, and the contrast FOM is as high as it can be while satisfying the 

SNR constraint. 

Figure 22:  Dependence of the minimum SNR and the defined contrast FOM plotted 

along with the minimum signal contours as functions of PD2 and PD3 width for PD1 

ÞÐËÛÏɯÍÐßÌËɯÈÛɯƙƜɯϟÔȭ 
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 Once the geometry was established for the initial implementation of the probe, a 

fabrication process was planned and executed, as described in the following section. In 

summary, the optimized device geometry for the fabrication process is described in 

Table 2.  

                       Table 2: Summary of Prototype SE -SRDRS geometry 

Parameter Value, ἵ 

Illumination aperture radius  375 

Contact Width  8 

PD Spacing 9 

PD1 offset 45 

PD1 width  58 

PD2 width  100 

PD3 width  550 

Total Silicon outer diameter  1140 

3.2 Fabrication 

Fabrication of the prototype devices began with 100 mm diameter silicon -on-

insulator (SOI) wafers (Addison Engineering, San Jose, Ca). The wafers had a Si device 

layer that is ρπ ‘ά thick, a τππ ‘ά thick Si handle, and a 1 ‘ά thick layer of SiO2 

between the two Si layers. Both the handle and the device layer were p-type (boron 

ËÖ×ÌËȺɯÛÖɯǽɯƘƙɯÖÏÔ-cm. The processing described herein was all performed by the 

ÈÜÛÏÖÙɯÐÕɯ#ÜÒÌɀÚɯ2ÏÈÙÌËɯ,ÈÛÌÙÐÈÓÚɯ(ÕÚÛÙÜÔÌÕÛÈÛÐÖÕɯ%ÈÊÐÓÐÛàɯȹ2,Ð%ȺȮɯ×ÙÐÔÈÙÐÓàɯÐÕɯÛÏÌɯ

cleanroom.  

The first processing steps were wafer cleaning and dopant diffusion. Since high 

ÛÌÔ×ÌÙÈÛÜÙÌɯȹǽɯƕƔƔƔɯ"Ⱥɯ×ÙÖÊÌÚÚÐÕÎɯÚÛÌ×Úɯ×ÌÙÍÖÙÔÌËɯÖÕɯÛÏÌɯ2.(ɯÞÈÍÌÙÚɯÔÈÒÌɯÈÊÛÐÝÈÛÐÖÕɯÖÍɯ
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impurities a concern, to remove any organic contaminants as well as any ionic 

contaminants ÈÕËɯÔÌÛÈÓÚȮɯÈɯÚÛÈÕËÈÙËɯɁ1" ɂɯÊÓÌÈÕɯÞÈÚɯ×ÌÙÍÖÙÔÌËɯ[93]ȭɯ-ÌßÛȮɯǽɯƕƙƔɯÕÔɯ

of silicon dioxide was grown on the surface of the entire wafer by dry oxidation at 1000 

C for 5 hours. Then, alignment marks were etched into the substrate using deep reactive 

ion etching of the Si.  Then, the thermal oxide was selectively etched with buffered oxide 

etchant (BOE) to define concentric n-doped regions (phosphorus) in the p -type device 

layer.  Three PN junctions were formed by annealing the phosphorsilica spin -on-glass 

(P507, Filmtronics Inc., USA) at 1000 C for 13 minutes. Each N-well is a distinct 

photodiode cathode, while the boron doped device layer is a shared anode. After the 

diffusion anneal, all oxide ( dopant and thermal) was stripped in BOE.  

Contacts and mesa etching occurred next in the process flow.  Semi-annular 

Ti/Au contacts were defined and deposited using negative photoresist, electron -beam 

evaporation, and liftoff. Titanium was used as the cont act metal to the n+ phosphorus 

doped Si surface since it formed high-quality cathode contacts in similar diodes 

fabricated by the Jokerst group [13], while gold is used to protect the Ti from the 

subsequent short exposure to BOE.  Next, semi-annular mesas were defined by etching 

the SOI device layer until the buried oxide (BOX) was exposed everywhere aside from 

the desired PD regions, which are masked with resist.  If any metal was not covered by 

resist, this had to be removed with Au etchant and BOE.  An important aspect of this Si 

etching step is the sloped Si edges, having a roughly 60o slope, that enable deposition of 



 

60 

continuous metal leads from off the mesas, up the sidewalls, and onto the top of the Si 

surface.  This dry sloped etch was achieved with a custom deep reactive ion etch 

consisting of 22% C4F8, 73% SF6, and 5% O2. The slope angle varies with the etch rate, 

which is dependent on a number of factors, including the amount of exposed Si, 

resulting in an increased slope closer to the BOX.  

Substrate removal, back contact deposition, and bonding to the host substrate 

were the next steps in the process flow.  The τππ ‘ά thick SOI Si substrate was removed 

in another dry etch step consisting of 90% SF6 and 10% O2. Prior to this etch, the sample 

was embedded in a temporary bonding material (WaferBOND HT -10.10, Brewer 

Sciences, USA) that protects the device layer and bonds the devices to borosilicate glass, 

which serves as a temporary carrier. After the Si substrate was removed, the BOX was 

removed in BOE, exposing the p-type Si which will become the shared anode of the 

three PDs. A back contact was defined using photolithography, and a (50 nm Al)/ (50 nm 

Ti)/ (50 nm Ni)/ (150 nm Au) metal stack contact was deposited using electron beam 

evaporation and defined using liftoff. The Al/p -Si contact has been shown to produce 

high -quality contacts for PDs [13], while the Au is needed for subsequent low -

temperature thermocompression Au/Au bonding.  The sample was next aligned to a 

υππ ‘ά thick borosilica wafer (the final, host substrate for the 3 thin film PDs) that was 

patterned wit h Cr/Au bonding pads and leads, and Au/Au metal/metal bonding was 

achieved by baking the sample under a 5 kg mass at reduced pressure and ςςυ C. One 
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of the first design improvements made to the prototype device was a modification of the 

host substrate metallization to block more light incident on the back of the sensor array 

through the host outside of the aperture region, which reduced the back illumination 

current.  

The sample processing was completed with an interlayer dielectric, top contacts, 

and surface passivation/anti-reflection coating. Once the sample was bonded to the 

metallized glass, it was removed from the temporary carrier and an inter -layer dielectric 

(ILD) of πȢυ ‘ά SiO2 was deposited by plasma-enhanced chemical vapor deposition 

(PECVD). After deposition, the ILD was patterned and etched so the PD cathodes and 

top contacts were exposed, while the Si sidewalls remain insulated by the ILD. Metal 

Ti/Au leads were deposited to electrically connect the pads on the metallized glass 

substrate to the Ti/Au top contacts on the cathodes by photo-patterning negative resist, 

angled electron-beam evaporation, and liftoff.  By mounting the substrate at an angle 

equal to the Si edge slope (ͯ φπ), continuous metallization up the ρπ ‘ά step is 

achieved. The final fabrication step was deposition of a Si3N4 (nitride) anti -reflection 

coating (ARC) via PECVD, which also serves to pacify the Si surface to reduce its surface 

recombination velocity (SRV). Additionally, the nitride serves to insulate the device  

leads from the liquid phantoms as well as from tissues used in contact with the device 

during testing, preventing excessive leakage currents. Initially, a 52 nm nitride thickness 

was used to minimize reflection in the 450 ɬ 650 nm wavelength range. However, it was 
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determined during testing on porcine tissue that a 52 nm nitride coating did not provide 

enough insulation, and so the ARC thickness was increased to 380 nm for the most 

recent prototype iteration. Regardless of the thickness, after deposition, the nitride ARC 

was etched back to expose the outer edge of the metallized pads on the glass substrate 

by photodefining an etch mask then performing a standard dry reactive ion etch (RIE).   

Figure 23 provides a simplified description of these fabrication st eps and 

photomicrographs of the samples during fabrication.   The next step in the prototype 

fabrication process was packaging. After the ARC was etched back from the contact 

pads, the device was diced to a square 7 mm a side using a diamond saw, which makes 

the metal pads on the glass substrate flush with the glass edge. Next, the device was 

aligned to a custom printed circuit board (PCB) which was securely mounted to a 

commercial fiber receptacle. A low intensity light though the fiber enabled the Si 

aperture to be aligned to the fiber core under a microscope. By tacking the corners of the 

device down with uncured UV -cure epoxy, the device can be manually positioned to 

within 0.05 mm (since the epoxy dampens the movement of the glass square).  After the 

device was positioned, the UV-cure epoxy was cured, and silver epoxy was used to 

electrically connect the PCB pads to the leads on the glass substrate. Once the conductive 

silver epoxy cured, the silver epoxy was protected (potted) with additional UV -curing 

epoxy, completing the SE-SRDRS prototype fabrication process. Photos of packeged 

prototypes are provided in Figure 24  
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Figure 23:  (previous page and this page): Diagrams and photos of fabrication steps of 

the SE-SRDRS prototype, beginning with SOI starting material (previous page).  
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3.3 Optoelectronic Characterization 

After packaging, three performance characteristics for the SE-SRDRS Si PDs were 

measured: responsivity, Ὑ‗;  dark current at 0 V bias, Ὅ ; and back illumination 

current, Ὅ. The following section discusses these characteristics of the fabricated 

prototypes.   

Figure 24: (a) Two versions of the SE-SRDRS prototype packages; 

(b) Sideview of the prototype mounted to the fiber receptacle with 

illumination optical fiber lab eled; (c) tissue facing side of probe 

with green light through illumination aperture.  
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3.3.1 Responsivity 

Responsivity is the ratio of the amount of photocurrent ( Ὅ  generated per unit 

power incident  on the PD surface (ὖ ‗): 

Ὑ‗
Ὅ
ὖ ‗

                                               (3-1) 

Herein, the responsivity is measured with ὖ ‗ normal to the PD surface. Dark 

current is due to a variety of sources and is generally an indicator of the quality of the Si 

interface with other materials, primarily the nitride ARC and the aluminum/p -Si anode 

contact. Back illumination current is due to light from the illumination fiber intended to 

transmit through the central aperture to the tissue (as described by Figures 1.3 and 3.1), 

but which is unintentionally absorbed by the photodiodes.  

 For responsivity and dark current measurements, currents were measured with a 

Keithley 4200 source measurement unit, with surface normal illumination provided by a 

1 mm diameter optical fiber with a 0.39 NA coupled to a 300 W Xenon lamp through a 

Newport CS130 monochromator and focused onto the PD surfaces through a 50X 

objective lens. ὖ ‗ was measured with a Thorlabs PM100 optical power meter 

with an S120B Si sensor. Wavelengths ranging from 450 nm to 950 nm at intervals of 10 

nm were incident upon the PDs (normal incidence angle). The responsivity and dark 

current for each PD was measured at zero voltage bias, which is the same as the SE-

SRDRS operating point for reflectance sensing. 
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 The responsivities for two different thicknesses of ARC used for the prototype 

SE-SRDRS PD arrays are shown in Figure 25. Although the 380 nm ARC resulted in a 

reduced average spectral response, the thicker layer also provided more robust 

insulation from conductive fluids in tissue (e.g. blood). The thickness of nitride to 

deposit for each ARC was determined with the open source optical filter simulation 

software OpenFilters [94]. The reflection target used for ARC thickness optimization was  

broadband minimization for the index of refraction for colon tissue [95] from 450 nm to 

950 nm at 10 nm intervals in wavelength.  

 

Figure 25: Responsivity for two SE -SRDRS devices fabricated with two different ARC 

thicknesses (52 nm and 380 nm). Although the 380 nm ARC resulted in reduced 

spectral response, the thicker layer also provided more robust insulation from 

conductive fluids in tissue (e.g. blood).  
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3.3.2 Dark current and Dark Current Density 

Dark current density, the amount of dark current per PD surface area, for the SE-

SRDRS devices was higher by roughly a factor of 10 than for previously fabricated 

devices by the Jokerst group [13], [89], which may be due to the size difference as well as 

the numerous processing differences between the SE-SRDRS prototype than previous 

devices (e.g. selective, rather than blanket doping). However, the dark current was not 

so high that it prohibite d SRDRS measurements to be performed across a wide range of 

optical properties with adequate SNR, as discussed in subsequent chapters herein. The 

dark currents for the two devices for which responsivity is plotted in Figure 25 are 

provided in Table 3  

Table 3: Dark current and dark current density for the two devices for which 

responsivity is plotted in Figure 25.  

 

 

 

Dark Current  

(pA)  

Dark Current Density 

(nA/cm 2) 

PD1 PD2 PD3 PD1 PD2 PD3 

52 nm ARC   
28 7 150 19 2 6 

380 nm ARC 
5 9 13 3 3 0.5 
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3.3.3 Back-Illumination Current 

Back-illumination current is photocurrent generated by light absorbed from the 

source before the light has undergone any tissue scattering. The back-illumination 

current posed a challenge for the first iteration of the SE-SRDRS devices. Parasitic 

absorption of light transmitted through patterned regions of the metallized substrate in 

the Si device layer, as well as by the inner radial edge of the PD near the aperture had to 

be reduced with design changes. Undesired light transmission was minimized by 

modify ing the electrode designs to leave smaller gaps between each electrode, which 

were used to limit transmission of light to the χυπ ‘ά diameter illumination aperture. 

Figure 26 displays photomicrographs of devices fabricated with the original as well as 

modified designs. The photomicrographs were taken from the backside of the devices, 

looking through the PC board aperture and glass substrate.  

Figure 26: Photomicrographs of the original (left) and modified (right) SE -SRDRS 

designs from the backside, through the glass substrates.  
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The original design, on the left, used wider spacing of leads at the cost of higher 

optical transmission (toward the tissue) outside of the aperture region (which is 

undesired). The revised design, shown in Figure 26 (right) limited optical transmi ssion 

outside the aperture region by decreasing the lead spacing. White light transmission is 

still visible outside of the illumination aperture in the revised design pictured in Figure 

26 (right), but, this stray transmission is limited to radii greater t han ρςχυ ‘ά, which is 

συπ ‘ά beyond the radius of the source illumination spot incident on the backside metal 

(at a radius of ωςυ ‘ά the illumination intensity of the source is ρπϷ its intensity at the 

center of the illumination aperture). Additional ly, the outer radius of PD3 is more than 

ρππ ‘ά inside the ρςχυ ‘ά radius where stray transmitted light is significant. The 

improvement in Ὅ due to this change was dramatic, as shown in Table 4. The back-

illumination current for the device with th e 380 nm ARC, for which responsivity is 

plotted in Figure 25, is provided as well.  

Table 4: Back illumination current for representative prototypes before and 

after changes to metallization and mesa etch  

 

 

Average Back-Illumination Current (450 

nm - 650 nm) (pA) 

PD1 PD2 PD3 

Rev 1 Prototype: 52 nm ARC / Original 

Backside Metallization  

26990 17750 9500 

Rev 2 Prototype: 52 nm ARC / Modified 

Metallization  

75 8 190 

Rev 3 Prototype: 380 nm ARC / Modified 

Metallization  

775 609 575 
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This chapter described the design and fabrication processes to realize a prototype 

SE-SRDRS probe. Monte Carlo and optical modeling was used to predict system 

performance based on the physical probe geometry. This chapter described how the 

design of a 3-PD SE-SRDRS probe was optimized to satisfy criteria including 

maximizing SNR, maximizing contrast between precancerous (adenomatous) and 

normal tissue, and ensuring sufficient photocurrent across all measurements. The 

process used to fabricate prototype probe circuits using silicon microfabrication 

techniques, and the characterization of fabricated probe dark current, responsivity, and 

back-illumination current were described as well.  
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4. Experimental and Modeled Phantom Performance   

This chapter describes the preparation, measurement, and modeling of liquid 

phantom tissue models to evaluate the performance of the fabricated SE-SRDRS devices.    

Measurements and their comparison to a Monte Carlo model are described and 

evaluated, followed by a summary of measurements of the system SNR during phantom 

measurements. 

4.1. Tissue phantom preparation and experimental measurement 
and comparison to modeling 

For initial validation of a forward Monte Carlo model of the fabricated 

prototype, as well as for characterization of the SE-SRDRS contrast between 

precancerous and cancerous colon tissue, phantoms were prepared with optical 

properties comparable to those reported by Zonios et al. [7], for normal and 

adenomatous colon tissue. Phantoms were prepared with ρ ʈά diameter polystyrene 

spheres (Polysciences, Inc.) as the scattering agent, powdered hemoglobin (Sigma-

Aldrich Co. LLC.) as the absorbing agent, and de-ionized water (DI) as the solvent. 

Optical absorption coefficients for the phantoms were calculated by f irst measuring the 

absorption coefficient for several concentrations of hemoglobin powder dissolved in DI 

by a spectrophotometer (Shimadzu UV-3600), and then calculating the extinction 

coefficient for the purchased hemoglobin chromophore. The calculated extinction 

coefficient did not vary as a function of hemoglobin powder concentration and is 
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displayed in Figure 27. Scattering coefficients and for the solutions were calculated 

using an open-source program for calculating scattering from Mie theory [96]. 

Phantom solutions were prepared by first mixing hem oglobin with DI to achieve 

targeted concentrations of hemoglobin, which were calculated based on the measured 

hemoglobin extinction coefficient. Next, the as -purchased polystyrene sphere stock 

solution  (4.55x1010 polystyrene spheres per ml DI) was added to the solutions to achieve 

targeted concentrations of polystyrene spheres (scatterers). After mixing each phantom, 

the actual as-mixed concentrations of hemoglobin and polystyrene spheres were used to 

calculate the scattering and  

absorption coefficients for the phantoms. The sphere diameter of ρ ʈά was chosen 

because the anisotropy for this diameter of sphere is approximately 0.92 across the 450 ɬ 

Figure 27: Measured extinction coefficient for the s olutions of hemoglobin in 

DI used to prepare phantoms. Units of the extinction coefficient are 

milligrams powdered hemoglobin per grams DI per millimeter pathlength.  
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650 nm wavelength range, which is close to the values reported for colon tissue in the 

literature [88]. 

Six turbid phantoms containing hemoglobin and polystyrene spheres dissolved 

in DI were prepared, with sphere and hemoglobin concentrations chosen such that the 

scattering and absorption coefficients of the liquid phantoms were consistent with the 

reported values of absorption and scattering for normal and adenomatous colon polyps 

used in the MC forward model which informed the probe design. The concentrations of 

hemoglobin and polystyrene spheres for each of the six turbid phantoms, plus one 

scattering-only reference solution of polystyrene spheres is provided in Table 5. 

The scattering coefficients (‘) ranged from 4.01 mm-1 to 10.20 mm-1, and the 

absorption coefficients (‘) ranged from 0.03 mm-1 to 1.66 mm-1. Figure 28 displays the 

experimental phantom optical properties, along with the optical properties for normal 

and adenoma human colon tissue reported by [7]. Phantom 1 has absorption coefficients 

shown in red, covering the range of colon adenoma tissue absorption, and Phantoms 2-6 

have absorption coefficients shown in blue, representing normal tissue. Reference 

profiles of the optical properties for colon ade noma (a type of precancerous tissue) and 

normal colon tissue reported by [7], are included as solid lines in red and blue, 

respectively.  
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Table 5: Concentrations of  polystyrene spheres and hemoglobin used to prepare the 

six tissue mimicking phantoms and the reference solution.  

 Polystyrene Sphere 
Concentration (mg/g) 

Powdered Hemoglobin 
Concentration (mg/g) 

Phantom 1 1.18701 15.01116 

Phantom 2 1.53433 4.94566 

Phantom 3 1.62280 4.92847 

Phantom 4 1.67751 4.91785 

Phantom 5 1.77136 4.89962 

Phantom 6 1.94087 4.86670 

Reference 2.45736 0.00000 
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Phantoms were measured with the probe surface placed into the liquid phantom 

solution such that the entire front face of each PD in the array was immersed. The liquid 

phantoms were contained in an amber glass vial, as shown in the photograph on the 

right side of Figure 29. The vial had an inner diameter of 13 mm and a depth of 19 mm. 

Measurements on low scattering, zero absorption phantoms in much larger containers 

made of a different material resulted in the same reflectance, which validated the 

treatment of the phantom vials as optically infinite. Low scattering, zero absorption 

phantoms were used for this validation because their long mean-free-path causes them 

PH 2-6 overlapping 

Figure 28: Scattering and absorption coefficients for each of the prepared liquid 

phantoms.  The inset legend applies to both graphs.  Phantoms 1 has absorption 

coefficients shown in red, covering the range of colon adenoma tissue absorption, and 

Phantoms 2-6 have absorption coefficients shown in blue, representing normal tissue. 

Reference profiles of the optical properties for colon adenoma (a type of precancerous 

tissue) and normal colon tissue reported by [7], are included as solid lines in red and 

blue, respectively.  
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to be the most sensitive to boundary conditions of the phantom container. Before and 

between each phantom measurement, the phantom vial and device surface were cleaned 

by a de-ionized water rise, dried with nitrogen, and a reference measurement was 

performed with a 99% diffuse reflectance standard (Labsphere, Inc. SRS-99-010). The 

reference standard measurements were used to remove the Xenon lamp spectrum from 

the DRS data, and to validate system stability throughout the experiments. Any change 

in lamp throughput power spectrum, or any change in SE -SRDRS device responsivity 

would result in a change in the refle ct ance measured from the 99% reflectance standard. 

The reflectance measurements from the puck varied less than 2% throughout the 

phantom measurements, which indicated that the measurement system was stable. 

Before and after phantom measurements, the background currents were measured as a 

function of wavelength with the detector array directed toward a zero -reflectance 

medium, which was a black velvet covered surface positioned 18 inches away from the 

Figure 29: Diagram of measurement system. Narrowband illumination is 

provided by a Xe lamp coupled to a monochromator. After interrogating the 

phantom (or tissue), reflected light is detected by the (Si) SE -SRDRS sensor. 

Photocurrent produced by  the sensor is then amplified and recorded. A 

photograph of the sensor covered by a liquid phantom is displayed in the inset.  
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SE-SRDRS device front face. This distance was determined to be effectively infinite since 

the background currents measured did not decrease for measurements performed with 

the sensor farther (more than 4 feet) from a black velvet covered surface. Background 

currents were the sum of PD back illumination current as well as PD dark current and 

averaged less than 2% of the phantom photocurrent.   

Before each measurement, each phantom (which was nominally 5 ml in volume) 

was gently manually mixed within 15 ml scintillation vials in order to homogenize the 

solutions. Repeated measurements of the same phantom without removing the SE-

SRDRS device did not alter the measured reflectance more than 1% on average, so, 

settling of the phantoms was not considered to be a problem. 

 For each phantom, the diffusely reflected optical power collected at each PD, 

ὖ ‗, is the measured photocurrent due to the phantom reflectance, 

Ὅ ‗, divided by the PD responsivity, Ὑ‗: 

ὖ ‗ Ὅ ‗ Ὑ‗ ϳ                                   (4-1) 

where Ὅ ‗ is equal to the measured phantom current, Ὅ ‗, minus 

the background current, Ὅ ‗: 

 Ὅ ‗ Ὅ ‗  Ὅ ‗                       (4-2) 

For each PD, ὖ ‗ is the sum of the distribution of reflected power, 

ὖὶȟ‗,  incident on that PD. The relationship between ὖ ‗ and ὖὶȟ‗ is 

given by: 
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ὖ ‗ ᷿ ὖὶȟ‗Ὠὶ                                                 (4-3) 

where ὶ and ὶ are the inner and outer radii of the PD (this is ignoring contact 

shadowing). The absolute diffuse reflectance, ὈὙ ‗ȟ is the ratio of the optical 

power diffusely reflected by the phantom and collected by the PD, ὖ ‗, to 

the optical power incident on the phantom from the SE -21#12ɯËÌÝÐÊÌɀÚɯÐÓÓÜÔÐÕÈÛÐÖÕɯ

aperture, ὖ ‗: 

ὈὙ ‗  
ὖ ‗

ὖ ‗                                            (4-4)                          

 Absolute diffuse reflectance is commonly reported for MC modeled systems, but, 

as mentioned in Chapter 2.1, experimentally, the absolute diffuse reflectance can be 

prohibitively difficult to measure in practice. For the SE -SRDRS system investigated 

herein, measuring ὖ ‗ is challenging for the following reasons : (1) measuring the 

source throughput power into the liquid phantom cannot be done directly without 

altering the experimental system (since the throughput of the SE-SRDRS device is 

different into air than into other media), and (2) the responsivity, Ὑ‗, is different when 

the PD is in a liquid than when it is in air, and also varies with incidence angle of 

illumination. Measuring the responsivity for the PDs under liquid, including 

consideration of the distribution of incidence angle from the phantom being  measured, 

would be prohibitively challenging experimentally. For these reasons, experimentally 

measured diffuse reflectance is reported herein as relative diffuse reflectance, 

ὈὙ ‗, which is the ratio of the absolute diffuse reflectance measured from a 
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phantom, ὈὙ ‗ȟ to the absolute diffuse reflectance measured from a 

reference solution, ὈὙ ‗:  

ὈὙ ‗  
ὈὙ ‗

ὈὙ ‗                 (4-5) 

Herein in Chapter 4, the reference solution is the solution of polystyrene spheres and 

zero absorbing agent (albedo = 1) listed in the last row of Table 5. An important and 

convenient property of relative diffuse reflectance is that it is not depend ent on the 

responsivity of the PD as long as the PD responsivity and SE-SRDRS throughput power, 

ὖ ‗, can be assumed to be the same during measurement of the reference as 

during measurements of the phantom under test (which is the case if the reference and 

phantom have the same refractive index). Then, the relative diffuse phantom reflectance 

is:  

ὈὙ ‗  
ὖ ‗

ὖ ‗                          (4-6) 

where ὖ ‗ is the optical power diffusely reflected by the reference and 

collected by the PD. Substitution of Equation 4-1 into the resulting expression shows 

that the dependence on responsivity cancels if the responsivity for the PD is the same for 

the reference as for the phantom:  

ὈὙ ‗  
 ϳ

 ϳ
                           (4-7) 

where Ὅ ‗ is the measured reference current minus the background 

current, Ὑ ‗ is the responsivity of the PD when in contact with the liquid 
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phantom, and Ὑ ‗ is the responsivity of the PD when it is in contact with 

the liquid reference. ὈὙ ‗ then simplifies to:   

ὈὙ ‗                                              (4-8) 

In order to avoid the impractical repeated measurement of Ὅ ‗ 

immediate ly before or after Ὅ ‗ (to ensure that the assumption of a 

consistent ὖ ‗ between the measurement of Ὅ ‗, Ὅ ‗, and 

Ὅ ‗), reflectance standard (puck) measurements can be used to calibrate each 

measurement of Ὅ ‗. It is more convenient and practical to use puck 

measurements to scale phantom measurements than to use reference phantom 

measurements because the puck does not degrade over the course of long periods of 

time (years) as long as it is clean and undamaged, so measurements far apart in time can 

be compared, and because aligning the SE-SRDRS device to the puck is less tedious than 

alignment to the liquid phantoms. If measurements of current  from a puck are used to 

calibrate the phantom measurements, it is only necessary for ὖ ‗ to be consistent 

between measurement of Ὅ ‗, and the photocurrent measured from puck 

reflectance associated with the phantom measurement, Ὅ ‗, and for 

ὖ ‗ to be consistent between measurement of the reference, Ὅ ‗ 

and another puck measurement of Ὅ ‗. Any difference in source 

throughput po wer (which may occur because of fluctuations of lamp power, or because 

of small changes system illumination fiber path) are cancelled out by dividing by the 
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calibration reflectance puck measurement. The puck-calibrated reflectance measurement 

of a phantom is: 

ὈὙὅὃὒ ‗
 

 
                                                (4-9) 

A change in optical source power, ὖ ‗, does not change ὈὙὅὃὒ ‗ as long 

as  ὖ ‗ is the same when Ὅ ‗ and Ὅ ‗ are measured. 

Similarly, the calibrated reflectance measurement of a reference is:  

                               ὈὙὅὃὒ ‗  
 ϳ

 ϳ
                       (4-10)  

Since the liquid reference and the liquid phantom both have the same refractive index, it 

is valid to assume that Ὑ ‗ ǽɯὙ ‗, which enables the calculation 

of ὈὙ ‗ as the ratio of ὈὙὅὃὒ ‗ to ὈὙὅὃὒ ‗: 

ὈὙ ‗

 ϳ

 ϳ

 

 ϳ
 

                              (4-11) 

 which simplifies to:  

ὈὙ ‗  
 ϳ

 ϳ
                        (4-12) 

If the puck measurements performed to calibrate the liquid reference and the liquid 

phantom are equal (because ὖ ‗ did not change between the measurements), 

ὈὙ ‗ as expressed by Equation 4 ɬ 12 is the same as for Equation 4 ɬ 8. If the 

source power fluctuated between measurement of the liquid reference and measurement 

of the liquid phantom, the ratio of  Ὅ ‗ to Ὅ ‗ calibrates the 
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relative reflectance to be the same as if the power did not fluctuate between 

measurement of the phantom and the reference.   

It is common to report diffuse reflectance per unit area of the PD (ὃ  [12], [52], 

[86], [97], resulting in a scaled diffuse reflectance, ὈὙ ‗:   

ὈὙ ‗ ὈὙ ‗ ὃϳ                                               (4-13) 

Analysis of per unit area reflectance is useful for capturing the exponential dependence 

of the diffuse reflectance intensity on the average radius of the collecting PD, ” .  

 Illumination for all DRS measurements discussed herein was provided by a 1 

mm diameter optical fiber with a 0.39 NA coupled to a 300 W Xenon lamp coupled to a 

Newport CS130 monochromator (TLS-300XU, Newport Corp.). For the initial phantom 

characterization discussed herein in Chapter 4, a Keithley 4200 source measurement unit 

was used as the current amplifier. Phantom, puck, and background photocurrents were 

averaged over 30 measurements at a 20 ms integration time per measurement. A 

diagram of the experimental system is provided in Figure 29 . The figure inset is a 

photograph of the packaged device in contact with a liquid phantom.  

 To compare the phantom reflectance measured experimentally to MC 

simulations, a scattering-only liquid reference with polystyrene beads with no absorber 

was measured.  This was necessary because MC simulations produce absolute 

reflectance values and reflectance is measured experimentally as relative reflectance, 

ὈὙ ‗. Using the same method as [10], by MC simulating the absolute 
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reflectance of the scattering-only liquid reference and dividing the simulated tissue 

phantom absolute reflectance by the simulated reference phantom reflectance, 

equivalent MC -simulated relative reflectance values were obtained by Equation 4 ɬ 5, 

and divided by the PD areas to obtain MC-simulated ὈὙ ‗ (Equation 4- 13).   

  As with the modeling performed during the design of the SE-SRDRS probe 

(described in Chapter 3), the Monte Carlo model implemented in Zemax utilized the 

Henyey-Greenstein phase function. The wavelength dependent anisotropy (g) used in 

the MC model was calculated using the same open source software used to calculated 

the scattering coefficients for the phantoms [96]. The parameters required to calculate 

the anisotropy were the refractive index for polystyrene at 20 o C [98], the refractive index 

of DI water [99] (20o C), and the diameter of the polystyrene spheres used as scattering 

agents in the phantoms (ρ ʈά). The anisotropy used for all MC simulations, which did 

not depend on the concentration of scattering particles, is displayed in Figure 30. In 

addition the anisotropy, the inputs to Zemax MC simulation performed for each 

wavelength of each modeled liquid solution were the mean free path, άὪὴ , and albedo, 

ὥ, which are calculated using the absorption and scattering coefficients with the 

following equat ions [100]: 

 

άὪὴ                                                                        (4-14 a) 
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ὥ                                                                        (4-14 b) 

 

The modeled phantom geometry was a cylinder with inner diameter of 13 mm 

and a depth of 19 mm, which is the same dimensions as the glass vial used to hold the 

experimentally measured liquid phantoms. The cur ved side walls of the simulated 

phantom volume and the face furthest from the SE-SRDRS illumination aperture were 

made absorbing. It was found that changing these faces from 100% absorbing to 100% 

reflecting had no influence on the simulated reflectance, which is consistent with the 

experimental finding that measuring phantoms in a larger volume did not impact the 

measured reflectance. The illumination fiber was modeled as a 1 mm diameter radial 

source (disc) with a ςς divergence angle positioned 0.1 mm from a 0.5 mm thick 

borosilicate (Pyrex) glass PD substrate. The ρπ ʈά thick Si semiannular mesa and PD 

regions were imported as .STL files generated from the Autocad project files used to 

Figure 30: The anisotropy used for all MC simulations, ca lculated using 

open source software from [2].  
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produce the photolithography masks for microfabrication of the expe rimental devices. 

Unlike the MC modeling described in Chapter 3.1, each PD was modeled as a single 

detector region, rather than by pixelating a radial detector (this was done to increase 

fidelity to the fabricated device and to reduce the amount of memory required by the 

simulation). ρπ rays were launched for each MC simulation, and each ray was traced 

until it reached a weight (power) of ρπ  relative to its input weight. Since each 

simulated reflectance result was scaled by the reference simulated reflectance, the input 

optical weight did not affect the resulting reflectance, and was set to ρ.  A screenshot of 

the Zemax simulated 3D model is shown in Figure 31, with a reduced number of rays 

(ρππ depicted for clarity.   

The comparison of the MC simulated and measured per-unit -area reflectance, 

ὈὙ ‗, for each of the PDs in the SE-SRDRS probe for the six phantoms is shown 

Figure 31: Screenshot of the Zemax simulated 3D model for a reduced number 

of rays (100) traced for clarity. Simulations for comparison to experiment were 

run with  rays. 
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in Figure 32.  The measured and simulated data are in good agreement, with an average 

root-mean-square (RMS) error across all three PDs of 8.4% with a maximum RMS error 

of 9.2% on PD3. As expected, ὈὙ ‗ decreases exponentially with increasing 

detector radius for both the simulated and measured reflectance.  

4.2. Signal to noise characterization of phantom measurements  

The signal to noise ratio is an important figure of merit for DRS and SRDRS 

systems for high accuracy tissue classification. The SNR was calculated for each of the 

seven phantoms measured, with the SNR in dB defined as: 

ὛὔὙ ςπ ὰέὫ Ὅ Ὅ  „ „            (4-15) 

Figure 32: Experimental and MC simulated scaled reflectance  spectra from six liquid 

phantoms for each of the three sensor PDs.  From left to right, data and simulations for 

PD1 through PD3 are shown. Error bars are included.  
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where Ὅ  and Ὅ  are the phantom and background photocurrents 

averaged over 30 measurements, and „  and „  are the corresponding 

standard deviations of the phantom and background, respectively.  

For the measured and simulated spectra displayed in Figure 33, which span the 

reported range of colon epithelial tissue optical properties [7], the SNR is above 40 dB 

for all wavelengths betw een 450 and 650 nm.  The measured SNR ranges from a low of 

40.9 dB on PD1 when measuring highly absorbing Phantom 1, to a high of 53 dB on PD3 

while measuring Phantom 6, with an average of 46.7 dB across all phantom 

measurements. This range of SNR is comparable to SNR for previously reported DRS 

systems that achieved high accuracy tissue optical property extraction [90], [91].  

 This chapter discussed the development and evaluation of forward Monte Carlo 

simulations of diffuse reflectance from the SE-SRDRS probe. Reflectance for six colon 

tissue mimicking phantoms was modeled and experimentally measured at 20 

wavelengths from 460 nm to 650 nm in 10 nm increments. The root-mean-square error 

between the modeled and measured reflectance, averaged across wavelength and across 

Figure 33: SNR at each PD for each of the six phantoms. 
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each of the three sensor PDs was 8.4%, supporting the validity of the Monte Carlo 

model. The signal to noise ratio was measured to be above 40.9 dB for the liquid 

phantoms, which were performed with the sensor in direct contact with the liquid 

phantoms.  
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5. Inverse Model Development and Evaluation 

 Inverse models are needed for quantitative extraction of the optical properties of 

tissue using DRS. This chapter first briefly reviews concepts of optical property 

extraction with inverse modeling, then describes the development of inverse models 

using look -up tables (LUT) of reflectance spectra generated using Monte Carlo (MC) 

forward modeling. Two methods of fitting measured diffuse reflectance to the LUTs for 

extraction of optical properties are evaluated. Benefits of using all three SE-SRDRS PDs 

together in the fitting process are also discussed. 

5.1 Inverse model background 

Methods to extract scattering and absorption from DRS spectra generally involve 

fitting of some form of forward model to DRS measurements [10], [31], [34], [76], [101]ɬ

[104]. Forward models used for fitting include MC [10]; analytical models such as the 

diffusion approximation [34]; and hybrid empirical -analytical models [76]. These 

approaches entail trade-offs between the computational time and the accuracy of the 

measured optical properties. Iterative fitting of forward MC models is highly accurate 

but slow, fitting of analytical models is fast but has undesirable inaccuracy [10], and 

empirically fit models can be highly accurate but require time consuming 

experimentation to calibrate for each system [103]. Approaches have been taken to 

minimize the computational time of forward MC models [10], and to minimize the 

number of calibration measurements needed to implement an empirical model [105], 
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but, tradeoffs between accuracy, speed, and experimental overhead are still significant 

[104]. 

Another class of inverse models relies on precalculated databases (LUTs) of 

either MC modeled or experimentally measured reflectances [103], [104]. If appropriate 

values of anisotropy (g) can be assumed for a tissue, and approximations of the spectral 

dependence of the dominant chromophores and scattering events can be assumed, LUTs 

offer the advantage of reduced computational time without compromising the accuracy 

of the modeling method (e.g. an analytical model using the diffusion approximation). 

Development and evaluation of MC populated LUT inverse models for extraction of 

colon optical properties using the SE-SRDRS probe are discussed in the following 

Sections 5.2 ɬ 5.4. 

5.2 Description of LUT optical property extraction methods 

Herein, two methods of LUT based inverse models are evaluated: (1) A spatially 

resolved LUT (SR-LUT), which extracts three pairs of optical properties (‘ and ‘  at 

each measured wavelength (one pair for each PD); and (2) a spatially constrained LUT 

(SC-LUT) which extracts a single pair of optical properties for each measured 

wavelength. At each wavelength, the SC-LUT uses the reflectance from all three PDs 

simultaneously to extract ‘ and ‘, treating the sensed volume as homogeneous 

between all three PDs. For both methods, LUTs were generated for each PD by MC 

modeling reflectance for varied absorption and scattering. A total of 6000 MC 
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simulations were performed to populate LUT reflectance for each of the three PDs with 

a uniform grid of 30 ‘ levels and 200 ‘ levels. The reduced scattering coefficients (‘ᴂ) 

ranged from 0.1 mm-1 to 3.1 mm-1, and the absorption coefficients (‘) ranged from 0.00 

mm -1 to 3.25 mm-1. This range of optical properties was chosen because it spans the 

range of optical properties reported for colon tissue in the wavelength range from 450 

nm to 750 nm[7], [106]ɬ[109]. All simulations assumed an anisotropy value of 0.92, 

which is the average anisotropy of ρ ʈά polystyrene spheres in DI, and is close to the 

reported values of anisotropy for colon tissue in this wavelength range [110]. 2D 

interpolation was used define diffuse reflectance surfaces ὈὙ ‘ ‗ȟ‘ ‗  for ‘ and 

‘ values between and incorporating the 6000 forward modeled pairs, using the Matlab 

function griddedInterpolant [111]. Figure 34 displays the reflectance surfaces for each of 

the three PDs.  

Forward modeling to generate the surfaces was performed in a GPU enabled 

open source program, MCXLAB [36].  Using MCXLAB rather than Zemax, the forward 

simulation time was reduced more than 1000 times, partly due to GPU enhancement, 

and partly because a 2D system model was implemented, whereas Zemax supports only 

3D MC models. A modeling advantage of the SE-SRDRS probe over traditional fiber 
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bundles is that its radial symmetry enables an accurate approximation in a 2D modeling 

space.  

As with the forward modeling results presented in Chapter 4, the MC 

reflectance, which is computed as absolute reflectance, was scaled by a MC modeled 

reference phantom with zero absorption to generate relative reflectance for comparison 

to experimental results. Likewise, experimental measurements of a single phantom 

prepared with the reference phantom optical properties was used to scale all 

experimental results. Nonlinear least squares minimization was implemented to fit 

measured reflectances to the LUT surfaces using the lsqnonlin function in the Matlab 

Optimization toolbox [112]. A commonly used approximation for ‘  was adopted [101], 

[113], [114], as described by the following equation: 

‘ᴂ‗ ὃ‗                                (5-1)     

Figure 34: Monte Carlo generated reflectance surfaces for the three PDs.  
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where ὃ and ὄ are coefficients that describe the power-law wavelength dependence of 

the reduced scattering coefficient. The absorption coefficient, ‘, was calculated using 

the wavelength dependent extinction coefficients of oxyhemoglobin and 

deoxyhemoglobin, ᶰ ‗ and ᶰ ‗ [115]:                                                

‘ ‗ ὅὈᶰ ‗ ρ Ὀ ᶰ ‗                         (5-2) 

where ὅ and Ὀ are the volume averaged total hemoglobin concentration and 

hemoglobin oxygen saturation, respectively [101], [113], [114]. Optical property 

extraction is achieved by fitting measured per unit area relative reflectance, ὈὙ ‗, 

to the LUT by finding values of ὃȟ ὄȟ and ὅ which minimize the sum of squares 

difference between  
ὈὙ ‘ ‗ȟ‘ ‗

ὃ  and ὈὙ ‗, where 

ὈὙ ‘ ‗ȟ‘ ‗  is the relative diffuse reflectance queried from the MC generated 

LUT at the values ‘ ‗ and ‘ ‗, and ὃ  is the PD area. For the SR-LUT method, the 

minimization is described by equation 5 -3: 

ȟȟȟ
  ȟȟȟ    

ȟȟȟ
В  

ὈὙ ‘ ‗ȟ‘ ‗
ὃ  ὈὙ ‗            (5-3) 

where ὪὃȟὄȟὅȟὈ  defines the reduced scattering and absorption coefficients through 

equations 5-1 and 5-2. Minimization using Equation 5 -3 results in extraction of ‘ and ‘ 

for each PD independently, providing spatially resolved optical property extraction. In 

the case of measurements at ὔ wavelengths the dimension of the function being 
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minimized is ὔ ρ. The algorithm used to implement the SR-LUT method is described 

graphically by Figure 35. 

 Alternatively, the radial dependence of the reflectance can be included in the 

modeling to increase the dimensions of the minimization function to ὔ σ. In this case 

ὈὙ , and Ὑ  are ὔ σ matrices, ὃ  is a vector of all three PD areas, and the 

minimization is described by Equation 5 -4: 

Figure 35: Algorithm to extract Ⱨ▼ and Ⱨ╪ from measured reflectance using LUT surfaces of 

reflectance for one PD (SR-LUT method).  
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ȟȟȟ
  ȟȟȟ    

ȟȟȟ
В В

ὈὙ ‘ ‗ȟ‘ ‗
ὃ  ὈὙ ‗‗ὖὈ          (5-4) 

where the minimization across the three PDs is included by the term В . A result of 

using the SC-LUT method of Equation 5 -4 is that the extracted optical properties are 

volume averaged over the entire sensed volume.  

5.3 Evaluation of LUT extraction methods using experimentally 
measured liquid phantoms 

To evaluate the performance of the SR-LUT and SC-LUT for optical property 

extraction, eight liquid phantoms for validation were prepared with  ρ ʈά diameter 

polystyrene spheres (Polysciences, Inc.) as the scattering agent, powdered hemoglobin 

(Sigma-Aldrich Co. LLC.) as the absorbing agent, and de-ionized (DI) water as the 

solvent. The eight validation phantoms were not the same as the six phantoms that were 

discussed in Chapter 4, although the method for preparing and measuring them was the 

same as in Chapter 4. The optical properties of the eight validation phantoms, as well as 

the reference phantom used for scaling, in the wavelength range 450 ɬ 750 nm at 10 nm 

wavelength intervals, is show n in Figure 36. 

It is important to compare the range of ‘ ‗ and ‘ ‗ values validated by the 

inverse models to the range of ‘ ‗ and ‘ ‗ values reported in the literature for colon 

tissue. Figure 37 displays wavelength dependent absorption and reduced scattering 

coefficients reported in the literature [7], [106], [107], [109], [116] for colon tissues, along 

with the wavelength dependent coefficients of validation phantoms discussed in this 
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chapter, from 450 nm to 750 nm. Figure 37 shows that the range of ‘ ‗ and ‘ ‗ of the 

eight liquid validation phantoms brackets the majority of reported optical properties for 

normal and precancerous colon tissue. 

 Reflectance measurements of the validation phantoms were performed with the 

system configuration as described by Figure 29. The sensor used for the measurements 

discussed herein in Chapter 5 were all performed with a single SE-SRDRS sensor with a 

380 nm anti -reflection coating (ARC). This is a different sensor and anti-reflection 

coating thickness than was used for measurements discussed in Chapter 4 (where a 52 

Figure 36: The optical properties of the eight validation phant oms, as well as the reference 

phantom used for scaling, in the wavelength range 450 nm to 750 nm at 10 nm wavelength 

intervals.  
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nm ARC was used), and the two sensors had significantly different responsivities 

(primarily due to the difference in ARC thickness), as shown in Figure 25. However, as 

discussed in Chapter 4.1 and described by Equation 4-7, the difference in responsivity 

does not affect the relative reflectance measured by the sensors. The change in sensor 

and ARC thickness was motivated by the need for a more robust ARC, which is 

discussed in more detail in Chapter 6.2. Another difference between the system used for 

measurements discussed herein in Chapter 5 with respect to Chapter 4 is that current 

amplification and sensing were performed by a custom transimpedance amplifier (TIA) 

system developed by Professor Martin A. Brooke, Associate Professor of Electrical and 

Computer Engineering (ECE) at Duke University, along with Alyssa Lawrence, a former 

Figure 37: Range of inverse model optical property extraction tested with validation 

phantoms, along with reported values of colon optical properties in the 450 to 750 nm 

wavelength range.  
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graduate student in the ECE department at Duke University. The TIA system utilized 

Texas Instruments TI IVC102 TIA chips for current integration, Adafruit ADS1015 chips 

for analog-to-digital conversion, and an Arduino Mega 2560 microcontroller to control 

integration times as well as measurement acquisition communication. Control of the TIA 

system as well as the monochromator was performed by a LabView program developed 

by the author of this dissertation. All measurements with the TIA system were 

performed with 100 ms integration time. The transition to the TIA system from the SMU 

system used for preliminary forward model testing was made to facilitate a portable, 

clinically compatible measurement system.  

The performance of each of the two LUT inverse models described herein was 

quantified by the mean absolute value percent error between the values of ‘ ‗ and 

‘ ‗ calculated for each phantom based on their concentrations of hemoglobin and 

polystyrene spheres, and values extracted from the measured reflectance using the SR-

LUT and SC-LUT inverse models. The values of the optical properties of the validation 

phantoms discussed herein in Chapter 5 were computed using the same methods as 

those described in Chapter 4.1. The absorption coefficients were calculated using the 

concentrations by mass of hemoglobin dissolved in each of the phantoms and the 

extinction coefficient for the hemoglobin in DI water, which was determined by 

experimental absorption measurements of solutions with known concentration of 

powdered hemoglobin in DI water using a spectrophotometer. The measured 
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hemoglobin extinction coefficient, which did not vary with concentration, is provided in 

Figure 27. Reduced-scattering coefficients for the solutions were calculated using an 

open-source program for calculating scattering from Mie theory [96]. The values of ‘ ‗ 

and ‘ ‗ calculated from the phantom hemoglobin and polystyrene spheres are 

referred to herein as the expected values, which is common terminology for the values 

ÖÍɯ×ÏÈÕÛÖÔÚɯÛÏÈÛɯÈÙÌɯÛÙÌÈÛÌËɯÈÚɯɁÛÙÜÌɂɯÖÙɯɁÒÕÖÞÕɂɯÞÏÌÕɯÌÝÈÓÜÈÛÐÕÎɯÐÕÝÌÙÚÌɯÔÖËÌÓÚɯÍÖÙɯ

tissue DRS [10], [90], [101], [103]ɬ[105], [117]ɬ[120]. Percent error between the expected 

and extracted optical properties was averaged across all wavelengths for each phantom.   

Comparisons of the extracted verses expected values of optical properties of the 

eight liquid phantoms for the two extraction methods are displayed in Figures 38 and 39 

for the reduced scattering coefficients and the absorption coefficients, respectively. 

Figures 38 and 39 each display the average absolute value percent error between the 

expected and extracted values for each phantom, as well as the overall average absolute 

value percent error across all eight phantoms. For ‘ ‗, the overall average error 

decreased from 13.25% to 6.38% going from the SR-LUT model to the SC-LUT model.              

For ‘ ‗ the overall average error decreased from 31.42% to 8.38%. These results are 

discussed further in Section 5.4.  
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Figure 38: Expected vs extracted reduced scattering coefficients for the six 

validation phantoms are shown for the SR -LUT (top) and SC -LUT (bottom). 

Expected coefficients are treated as true for error calculations.  
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Figure 39: Expected vs extracted absorption coefficients for the six  validation 

phantoms are shown for the SR -LUT (top) and SC -LUT (bottom). Expected 

coefficients are treated as true for error calculations.  
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5.4 Discussion of Extraction Methods 

Based on the results in Section 5.3, a clear improvement in extraction accuracy is 

achieved by extracting reduced scattering and absorption coefficients with the SC-LUT 

method compared to the SR-LUT method. This result is consistent with the findings of 

Tseng et al. [101], who found a similar improvement in optical property extraction 

accuracy by using both the spatial and spectral components of the diffuse reflectance 

collected by a fiber-based system, although the inverse model of Tseng et al. was not 

based on LUTs. One likely reason for the improvement is that the increased 

dimensionality of the SC-LUT input reflect ance data helps avoid local minima of the 

minimization function. Using all three PDs together decreases the average extraction 

error to less than any individual PD would be able to achieve alone, as summarized by 

Table 6. 

Table 6: Summary of average extraction errors for each PD for the SR -LUT and 

SC-LUT methods.  

 {wπ[¦¢ {/π[¦¢ 

9ǊǊƻǊ |%| t5м t5н t5о όŀƭƭ t5ǎύ 

Ⱨ╪ 16.50 11.88 65.88 8.38 

Ⱨ▼ 12.88 7.00 19.88 6.38 

average 14.69 9.44 42.88 7.38 
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A disadvantage of the SC-LUT method is that the output extracted information 

dimension is reduced, because with the SC-LUT method each reflectance measurement 

at ὔ wavelengths provides ὔ pairs of ‘ ‗ and ‘ ‗ values, whereas for the SR-LUT 

method, the same reflectance would provide ὔ σ pairs of ‘ ‗ and ‘ ‗ values. 

Additionally, the output data loses depth information for each individual wavelength. 

Another difference, which may or may not be disadvantageous, is that the tissue volume  

sampled by all three PDs combined is larger than for any single PD. A result of this is 

that the extracted optical properties from the SC-LUT are due to averaging over a larger 

volume than the properties extracted by the SR-LUT, even for PD3. While this i s 

disadvantageous because it reduces the volume resolution of each probe measurement, 

it may also be advantageous because by averaging tissue measurements over a larger 

area, volume inhomogeneities, such as blood vessels, may be less likely to distort the 

measurements. Distortion of DRS measurements by blood vessel packaging of 

hemoglobin has been a significant criticism of DRS as a tissue diagnostic tool in the past 

[77].  

 This chapter describes and evaluates two inverse methods for extracting the 

reduced scattering and absorption coefficients, ‘ ‗ and ‘ ‗, from reflectance 

measurements using the SE-SRDRS sensor. Both extraction methods relied on lookup 

tables of Monte Carlo simulated diffuse reflectance. One of the methods, the SR-LUT 

method, extracts ‘ ‗ and ‘ ‗ for each sensor PD independently, yielding spatially 
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resolved information. A second method, the SC-LUT method, spatially constrains the 

extracted ‘ ‗ and ‘ ‗ to the same values for each of the three sensor PDs, yielding 

less error between the expected (true) and extracted absorption and reduced scattering 

coefficients. Eight liquid phantoms composed of polystyrene spheres and hemoglobin in 

deionized water were measured to experimentally evaluate the performance of these 

inverse methods on values of ‘ ‗ and ‘ ‗ spanning the range of reported values for 

colon in the 450 ɬ 750 nm wavelength range. The SC-LUT was found to decrease the 

average extraction error of ‘ ‗ and ‘ ‗ from 13.25% and 31.42%, respectively, to 

6.38% and 8.38%, respectively. This result consistent with the findings of other 

researchers who investigated extraction using fiber-bundle based SRDRS probes [101].   
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6. Human Colon Tissue Study: Preparation, Design, 
Methods, and Results 

This chapter discusses the experimental preparation, design, experimental 

methods, and preliminary results of a study of SE-SRDRS measurements of human 

colon tissue. First, experimental equipment and methods for measurements performed 

on porcine esophageal tissue that were used to validate the compatibility of the SE-

SRDRS device on porcine tissue as a model for human tissue compatibility are 

described. Next, the development of the portable experimental measurement system 

that was implemented to enable measurement of human tissue in the Duke University 

Hospital Surgical Pathology Lab is described. Additionally, the human tissue study 

approved by the Duke University Institutional Review Board (IRB) is described and 

summarized. Lastly, the preliminary results of the human colon tissue study are 

presented and discussed.  

Study design and execution were performed in collaboration with Dr. N. Lynn 

Ferguson, MD, Assistant Professor of Pathology in the Duke University Departm ent of 

Pathology, Dr. Katherine Garman, MD, Associate Professor of Medicine in the Duke 

University Department of Medicine, and Dr. Deborah Fisher, MD, Associate Professor of 

Medicine in the Duke University Department of Medicine. These physicians, along wi th 

Nan M. Jokerst, J. A. Jones Professor of Electrical and Computer Engineering at Duke 

4ÕÐÝÌÙÚÐÛàȮɯÈÕËɯÛÏÌɯÈÜÛÏÖÙɯÖÍɯÛÏÐÚɯËÐÚÚÌÙÛÈÛÐÖÕȮɯÈÙÌɯÙÌÍÌÙÙÌËɯÛÖɯÏÌÙÌÐÕɯÈÚɯÛÏÌɯɁ2$-SRDRS 

ÛÌÈÔɂȭ 



 

107 

6.1. Porcine Measurements to Validate Tissue Compatibility of 
Device 

To evaluate the SE-SRDRS probe performance in a context more relevant to 

human gastrointestinal tissues, measurements on samples of freshly excised porcine 

esophageal tissues were performed. Esophageal tissues were obtained by Dr. Katherine 

Garman, from City Packing (Burlington, NC), through a North Carolina Department of 

Agriculture permit, and measurements were performed within 12 hours of animal 

sacrifice. Tissue samples were stored in saline solution chilled with ice until the time of 

measurement. Samples of tissue to be measured were placed in direct contact with the 

probe, as shown below in a photograph of the probe and tissue experimental apparatus 

in Figure 40.  

 The experimental setup for initial measurements of porcine tissue was the same 

as that used for the phantom measurement described in Chapter 4. Illumination for all 

DRS measurements discussed herein was provided by a 1 mm diameter optical fiber 

with a 0.39 NA (Thorlabs FT1000UMT) coupled to a 300 W Xenon lamp coupled to a 

Newport CS130 monochromator (TLS-300XU, Newport Corp.). A Keithley 4200 source 

measurement unit was used as the current amplifier. Phantom, puck, and background 

photocurrents were averaged over 30 measurements with a 20 ms integration time per 

measurement. A diagram of  the experimental system is provided in Figure 29 . 
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Three distinct types of porcine esophageal tissue were harvested and measured: 

normal, irregularly keratinized, and with denuded epithelial tissue, all of which were 

also imaged using standard pathology staining and imaging by Dr. N. Lynn Ferguson. 

Figure 41 (a) shows the measured SRDRS spectra for the normal porcine esophageal 

epithelial tissue shown in Figure 40.  The reflectance spectra in Figures 41 (a), (c), and (d) 

are the measured puck-calibrated tissue diffuse reflectance, as described by Equation 4-

9, where the photocurrent due to tissue reflectance is divided by the photocurrent due to 

puck reflectance. The error bars on the data points are the standard deviation between 

30 measurements taken at each wavelength, and the probe was completely removed 

then reapplied to the tissue every ten measurements to include the repeatability of 

measurements of a single tissue sample. In Figure 41 (b), min-max normalization was 

used to highlight differences in the features of the normal porcine data of Figure 41 (a). 

The min-max normalization subtracts the minimum reflectance value from all of the 

Figure 40: Photograph of a full -thickness porcine esophageal tissue 

sample in contact with the SE -SRDRS probe surface, which is completely 

covered by the tissue. An optical fibe r used for light delivery is coupled 

to the backside of the SE-SRDRS glass substrate through a hole in the 

yellow printed circuit board shown in the photograph above.  
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reflectance values before normalization for each PD, resulting in the normalized spectra 

spanning the full range from 0 to 1.  

One feature of the min-max normalized spectra in Figure 41(b) is the rise in the PD3 

spectra on wavelengths longer than 560 nm compared to the same spectra from PD1 and 

PD2, which are nearly identical at these wavelengths. We hypothesize that this is due to 

the increased and deeper interrogated tissue volume of PD3, which reaches beyond the 

mucosa, into the submucosa, which has higher absorption coefficients [121].  Thus, for 

PD3, a larger fraction of the light collected has passed into the deeper, more perfused 

submucosal tissue, which results in higher hemoglobin absorption.  This indicates that 

the SE-SRDRS probe can yield depth information about the tissue.   
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Secondly, the normal porcine tissue shown in Figure 41(a) has significantly different 

reflectance compared to the denuded and irregularly keratinized tissues shown in 

Figures 41(c) and (d), respectively. To enable a comparison between the reflectance 

measured from these three tissues, non-normalized reflectance data is shown in Figures 

41 (a), (c), and (d). H&E (hemotoxylin and eosin) stained cross sectional 

Figure 41: Representative spectra for ex-vivo porcine esophagus. (a) normal, (b) min -

max normalized normal, (c) denuded porcine, and (d) irregularly keratinized samples 

for which histology cross sections are shown in Figure 42.  
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photomicrographs are shown in Figure 42 for the three tissues measured in Figure 41. 

The cross sections and histological assessment of the cross sections were provided by Dr. 

N Lynn Ferguson. The differences in the three spectra reflect the differences in the tissue 

histology shown in Figure 42.  The lower reflectance observed in the spectra obtained 

from the denuded and irregularly keratiniz ed samples, shown in Figures 41 (c) and (d), 

compared to spectra obtained from normal tissue, as shown in Figure 41 (a), may 

correlate to the degradation of the epithelial layer of the esophageal tissue sample 

evident in the tissue histology in Figures 42 (b) and 42 (c). Degradation of the upper 

epithelial layer (mucosa), progressively through Figures 41 (a), (c), and (d), likely 

reduces scattering and increases the submucosal sampling of the light, where the 

absorption is higher than in the mucosal region .   

       (a)                                 (b)                                     (c) 

 
Figure 42: Photomicrographs (4x mag) of H&E stained porcine (a) normal, (b) 

irregularly keratinized, and (c) denuded esophagus samples. The scale bar in the 

upper left of (a) is 300 um long. Photomicrographs provided by Dr. N. Lynn Ferguson.  
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6.2. Portable Measurement System Implementation 

A portable system was implemented to enable SE-SRDRS measurement 

acquisition in the Duke University Hospital Surgical Pathology Lab for human colon 

tissue measurements.  The Pathology Lab is space constrained, and so the system was 

designed to fit entirely oÕɯÈɯÊÈÙÛɯÞÐÛÏɯÈɯƖƜɂɯÉàɯƘƜɂɯÞÏÌÌÓÉÈÚÌȮɯÖÕÛÖɯÞÏÐÊÏɯÈÓÓɯÚàÚÛÌÔɯ

components described by Figure 29 were included.  This implementation was enabled 

using transimpedance amplifier (TIA) arrays for the PD amplifiers, developed by 

Professor Martin A. Brooke, Associate Professor of Electrical and Computer Engineering 

at Duke University, along with Alyssa Lawrence, a former graduate student in the ECE 

department at Duke University. The TIA system utilized Texas Instruments TI IVC102 

TIA chips for current integration, Adafruit ADS1015 chips for analog -to-digital 

conversion, and an Arduino Mega 2560 microcontroller to control integration times as 

well as measurement acquisition communication. All measurements with the TIA 

system were performed with 100 ms integration tim e. Control of the TIA system as well 

as the monochromator was performed by a LabView program developed by the author 

of this dissertation.  

Tissue optical properties are sensitive to pressure applied to tissue, due to 

changes in blood perfusion as well as cellular crowding [122], [123]. To ensure that a 

consistent force was applied by the sensor to the tissue being measured, the approach of 

Nichols et al. [117] was followed, where a custom pressure sensitive stage was 
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developed consisting of an aluminum plate resting on four 5 lbf load cells. An annotated 

photograph of the entire portable system is provided in Figure 43. A photograph of the 

measurement platform with large sections of porcine esophageal tissue on the platform 

is shown in Figure 44, where two of the four load cells used to measure force applied to 

the measured tissue are visible.  Components of the measurement system including the 

monochromator wavelength selection, the TIA measurement control, and load cell 

reading were controlled thro ugh a LabView program on a laptop computer.  

An important lesson learned through the process of validating the SE -SRDRS 

measurements on porcine tissue was that the 52 nm PECVD SiNx ARC layer was not 

robust enough to serve as an isolating dielectric layer between then PD surfaces and the 

Figure 43: Annotated photograph of the portable measurement system. The light 

source and monochromator are on the lower level of the cart. The measurement 

platform is on the upper leve l of the cart, inside of the light blocking box.  
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porcine tissue for repeated measurements.  While high repeatability was achieved 

between porcine measurements initially, after multiple hours of measurements in 

contact with porcine tissue, the sensors would begin to fai l, showing signs of current 

shunting between the PDs. By increasing the thickness of the PECVD SiNx ARC layer to 

380 nm, degradation of the devices due to repeated tissue measurements was 

eliminated. The 380 nm thickness was chosen by optically modelling the sensor ARC 

using an open source optical interference filter design tool [94]  to find a thick ARC 

thickness ( > 250 nm) with minimized reflectivity at wavelengths between 450 -950 nm in 

10 nm intervals.    

 

Figure 44: Annotated photograph of the measurement platform with large section s 

of porcine esophageal tissue on the platform. Two of the four load cells used to 

measure force applied to the measured tissue be the sensor are annotated.  
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6.3. Human Tissue Study Procedure 

The procedure for a human tissue study was developed in collaboration with the 

physicians in the Duke University School of Medicine and Department of Pathologywho 

were identified at the beginning of this chapter: Drs. Deborah Fisher, Katherine Garman, 

and N. Lynn Ferguson. The procedure was approved by the Duke University 

Institutional Review Board (IRB). The study approach was to measure multiple locations 

of excised human colon specimen within 30 min after resection from patients 

undergoing colectomy, wher e the colon was expected to have locations of cancer as well 

as normal tissue. This approach was taken in order to facilitate measurements on 

healthy, cancerous, and possibly other classes of human colon tissue in as near as 

possible a biological condition  to in-vivo tissue, but with minimized patient risk. The 

primary aim of the study was to determine the ability of the SE -SRDRS sensor to 

measure diagnostically useful information from different types of human colon tissue. 

To enable evaluation of measured tissue spectra with known histology, SE-SRDRS 

measurement locations were co-registered to a surgical biopsy, which then underwent 

pathologic analysis. Patients were enrolled in the study through a team from the Duke 

BioRepository & Precision Pathology Center (BRPC).  

Patients were considered eligible for the study if they were over 18 years of age, 

were scheduled for removal of all or part of their colon, had the ability to read and speak 

English, and were competent to provide consent for the study. Patients were not 



 

116 

considered eligible if they had already received chemotherapy or radiation therapy for 

colon cancer prior to their scheduled resection. Eligible patients who were identified by 

the BRPC were approached for consent by the BRPC team in person on a day prior to 

their scheduled surgery. If a patient consented, two members of the SE-SRDRS team 

including this dissertation author would bring the portable SE -SRDRS system pictured 

in Figure 43 to the surgical pathology lab on the day of the surgery at the time of the 

scheduled procedure, which provided enough time to warm the SE -SRDRS light source 

(minimum of 30 minutes) and perform background and calibration measurements (20 

minutes). BRPC staff would monitor the surgical case through Epic Maestro Care, 

communicate with PAs to track the specimen, and to notify the SE-SRDRS team when 

the tissue specimen was removed from a patient.  

Sections of colon that were removed from a patient were transferred to the 

Surgical Pathology Lab within 30 minutes of excision . The specimen underwent normal 

specimen triaging by a Surgical Pathology PA, which included opening the colon section 

to expose the lumen (inner surface), lightly rising off the luminal contents (e.g. fecal 

material or mucus) and photographing the specime n alongside a ruler to record its size. 

After this process, locations for measurement by the SE-SRDRS probe were identified by 

a pathologist who would then assist with marking the measurement position using three 

colored sutures. The sutures were spaced equidistant from one another using a 

triangular acrylic template, and each measurement site on a given colon specimen was 
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marked with sutures of a unique color. Figure 45 describes the suture area markings 

used.  

Once the sutures for each of the desired measurement locations were tied, the 

colon specimen was transferred to the SE-21#12ɯ×ÖÙÛÈÉÓÌɯÚàÚÛÌÔȭɯ-ÌßÛȮɯÛÏÌɯ×ÙÖÉÌɀÚɯ

illumination aperture was a ligned to the desired measurement location. If visible drying 

of the colon tissue occurred before or between DRS measurements, the surface would be 

moistened with saline solution. Additionally, any pooled blood would be gently wiped 

from the surface before DRS measurement. The time required for specimen triaging and 

measurement location markings varied between 15 and 30 minutes. Measurements with 

the SE-SRDRS system commenced between 30 and 60 minutes after tissue excision. As 

per the IRB protocol, the tissue had to be returned to a BRPC team member for tissue 

fixation after 120 minutes had passed since tissue resection. This time limit was imposed 

Figure 45: Diagrams of the method for marking the measurement location using sutures.  
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to prevent degradation of the colon tissue sample before it was biopsied and preserved 

in formalin.  

For each wavelength measured at each location, the system recorded 30 

consecutive TIA current readings with an integration time of 100 ms for each TIA 

reading. Prior to and following each set of human tissue measurements, the SE-SRDRS 

probe was measured on a reflectance standard. 

%ÖÙɯÛÏÌɯÍÐÙÚÛɯÛÞÖɯ×ÈÛÐÌÕÛɀÚɯÊÖÓÖÕɯÚ×ÌÊÐÔÌÕÚɯÔÌÈÚÜÙÌËȮɯÈɯÕÖÙÔÈÓɯÓÖÊÈÛÐÖÕɯÈÕËɯÈɯ

tumor location were identified and measured with the SE -SRDRS probe, at 50 

wavelengths from 450 to 940 nm in 10 nm increments. In order to assess the repeatability 

of the measurements, as well as to increase confidence that the SE-SRDRS measured 

location was the same as the biopsied location (identified by the suture triangulation), 

each location was measured twice, in succession, removing the probe completely 

between measurements. The non-planar surface of the colon specimen caused uneven 

contact to the tissue surface by the SE-SRDRS probe surface, so, shifting of the tissue as 

the probe face away from the desired measurement location as the probe was pressed 

into contact with the tissue was a concern. In cases where there was not enough time to 

perform repeated measurements on all locations, a single measurement was performed. 

In order to increase the number of sites measured by the SE-SRDRS probe on a single 

colon specimen, the number and range of wavelengths measured and was reduced to 24 

wavelengths from 450 to 680 nm in 10 nm increments, which decreased the time 
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required for each wavelength sweep from 7 minutes to 3 minutes. For the third patient, 

two locations of  normal appearing tissue, and two locations of tumor appearing tissue 

were identified, and repeated measurements were performed on each of those sites 

except for one tumor site, due to time constraints.  

A photograph of a human colon specimen prior to spectral measurement is prov -

ided in Figure 46 (top), and a photograph of the specimen on the SE-SRDRS portable 

system platform is shown in Figure 46 (bottom).   

Figure 46: (top) Photograph of resected colon with locations where measurements of 

normal and cancer (tumor) were taken marked by blue and red crosses, respectively; 

(bottom) Photograph of the probe being aligned and contacted to a measur ement 

location.  








































































