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Abstract 

 The visible wavelength range has proven to be a useful spectral window for 

observing biophotonic events such as absorption in materials (oxy-hemoglobin and 

deoxy-hemoglobin), light scattering in biological tissue, and biochemical and 

fluorescence reactions. Diffuse reflectance spectroscopy (DRS) is a technique that utilizes 

the diffuse reflectance spectra from turbid media (e.g. biological tissue) to quantify the 

optical properties (e.g. absorption and scattering) of those media. DRS in the visible 

wavelength range can be utilized to optically differentiate between healthy and 

cancerous tissue, and thus has applications in intra-operative tumor margin assessment.  

The footprint of conventional DRS systems used for intra-operative tissue margin 

assessment prohibits their widespread use inside the surgical suite, where space is at a 

premium.  Conventional quantitative DRS imaging systems utilize unwieldy fiber 

probes, cooled CCD cameras, and imaging spectrographs for imaging tissue margins. 

These system components not only increase system size, limiting their use inside the 

surgical suite, but also limit imaging resolution, imaging speed, and increase overall 

system cost.  

Silicon is an attractive candidate for the development of compact, customized 

photodetector elements for biophotonic imaging applications such as intra-operative 

tumor margin assessment using DRS. This thesis deals with the design and development 
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of a customized DRS imaging probe composed of custom silicon imaging arrays for 

intra-operative breast tumor margin assessment. The first generation of the customized 

imaging probe consisted of a 4x4 array of annular epitaxial Si pn junction photodiodes 

(PDs) with a measured responsivity of 0.28 A/W – 0.37 A/W for λ= 470 nm – 600 nm, and 

a measured dark current density of 1.456 nA/cm2 – 4.48 nA/cm2. The imaging array was 

used to detect diffuse reflectance when placed in direct contact with tissue. A quartz 

light delivery tube coupled to a xenon lamp was optimized to deliver light to the tissue 

through the holes of the annular imaging array across a 256 mm2 imaging area. The 

pixel-to-pixel spacing in the imaging array was 4.5 mm, the highest resolution reported 

to date for a multi-pixel DRS probe. This resolution was limited by pixel-to-pixel optical 

crosstalk, which was theoretically calculated and experimentally characterized, to 

validate the theoretical model for future designs. This first generation probe was 

successfully tested on diffuse reflectance standards, tissue-mimicking phantoms, animal 

tissue, and human breast tissue, and yielded an SNR of 30 dB – 55 dB on all measured 

specimens.  

The next generation of the customized imaging probe consisted of a 4x4 array of 

annular thin-film Si pn junction PDs heterogeneously bonded to a transparent Pyrex 

substrate, to enable integration with a guided wave light delivery system. The 4x4 thin-

film PD array design and development was prototyped using a 1x2 thin-film PD array 

heterogeneously bonded to a Pyrex substrate. The responsivity and dark current of the 
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thin-film PDs in the 1x2 array were measured to be 0.19 A/W – 0.34 A/W for λ= 470 nm – 

600 nm and 0.63 nA/cm2, respectively. The process for the 1x2 thin-film PD array was 

scaled to fabricate a 4x4 array of thin-film PDs for DRS, and the 4x4 array was optically 

and electrically characterized. These heterogeneously bonded thin-film single crystal Si 

PDs have the highest uncooled responsivity to dark current density ratio (greater than 

0.30 – 0.54 cm2/nW for λ= 470 nm – 600 nm) reported to date, to the best of our 

knowledge. The 1x2 array of thin-film PDs were also heterogeneously bonded to a 

flexible substrate without any degradation in PD optical and electrical characteristics, 

opening the door towards conformal tissue imaging.  
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1. Motivation and Objectives of this Thesis  

Section 1.1 of this chapter provides a motivation for the development of 

customized diffuse-reflectance imaging probes for intra-operative margin assessment. 

Section 1.2 outlines the goals and organization of this thesis.  

1.1 Motivation 

Diffuse reflectance from turbid media, such as biological tissue, is sensitive to the 

optical properties (absorption and scattering) of the constituents of these media. In 

biological tissue, diffuse reflectance spectroscopy (DRS) can be used to look for spectral 

signatures of molecules such as oxy-hemoglobin, deoxy-hemoglobin, collagen, and beta-

carotene [1, 2] for applications in tumor margin assessment and non-invasive cancer 

diagnosis. Biomedical tools based on DRS are being explored for breast cancer tumor 

margin assessment [2-5], cervical pre-cancer diagnosis [6, 7], oral cancer diagnosis [8], 

brain tumor margin assessment [9], and non-invasive skin cancer diagnosis [10]. The 

imaging probes in all the aforementioned systems are composed of illumination fibers 

that illuminate tissue sites and collection fibers that collect the diffusely reflected light 

from the tissue placed in direct contact with the imaging probe. The illumination source 

in these systems is a broadband xenon lamp, and an imaging spectrograph followed by 

a CCD imaging array is used to image the diffuse reflectance spectra. Figure 1 [3] shows 

a schematic of one such conventional DRS imaging system and probe, demonstrating 
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how these system components result in a system that has high complexity, size, cost, 

and limited portability. 

 

Figure 1: Schematic of an intra-operative breast tumor margin assessment system with 

a footprint of 2m x 1m, cost of $50,000 and an eight-channel fiber-based probe [3]. 

The focus of this thesis is on the development of an optimized custom DRS 

system for intra-operative tumor margin assessment. Intra-operative tumor margin 

assessment is the process of determining if the excised tumor is surrounded by a rind of 

1-2 mm thick healthy tissue, the clinically accepted standard for a completely removed 

tumor [2]. A goal of DRS imaging in this context is to reduce re-excision rates by intra-

operatively assessing excised tissue margins, as opposed to awaiting post-operative 

results from pathology. In the case of an incompletely removed tumor, this often leads to 

a re-excision surgery, and puts the patient at risk of local recurrence of cancer [11]. While 

there have been reports of bench-top tissue imaging tools addressing this clinical need, 

these systems utilize cooled CCD arrays, imaging spectrographs and fiber-based probes 
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that add to the complexity and footprint of the system, and reduce scalability towards 

rapid assessment of large area tumors [2, 4, 5, 12, 13]. A compact, fast imaging system is 

critical, since space and time in surgical suites for diagnostic equipment is at a premium. 

Therefore, there is an opportunity to optimize the footprint, cost, speed, and resolution 

of these conventional DRS intra-operative tumor margin assessment systems to make 

them amenable for widespread use inside the surgical suite.  

One example of the use of intra-operative DRS tissue imaging to reduce re-

excision rates is for breast conserving surgery (BCS). Statistics from the American 

Cancer Society show that over 200,000 women are diagnosed with breast cancer in the 

United States annually and 50% - 75% of these women are eligible for BCS [14, 15]. Of 

the women undergoing BCS, 20%-70% return for a re-excision surgery due to an 

incompletely removed tumor in the first surgery [16-18].  To address this, the 

conventional DRS imaging system shown in Figure 1 was developed for intra-operative 

breast tumor margin assessment.  

The basic principles of operation of this system are as follows: The eight-channel 

fiber probe illuminates the excised tissue, and collects the diffusely reflected light from 

the tissue. The diffuse reflectance spectra from the excised tissue are imaged on a CCD 

camera using an imaging spectrograph. The diffuse reflectance spectra are then used to 

extract the wavelength dependent optical properties of the tissue using an inverse 

Monte-Carlo model [19]. The extracted optical properties of the tissue are used to 
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quantify the concentration of absorbers in the tissue (oxy-hemoglobin, deoxy-

hemoglobin, and β-carotene), and scatterers in the tissue (cells and sub-cellular 

organelles). Finally, these parameters are used to differentiate between healthy and 

cancerous tissue [2]. This system has a reported sensitivity of 79.4%, and specificity of 

66.7% measured from a 50 patient clinical study, demonstrating its potential to 

significantly reduce re-excision surgeries [2]. However, this system costs $50,000, has a 

footprint of 2 m x 1 m, and is only capable of coarse 8-pixel imaging [3].  

In an attempt to reduce system foot-print and cost, a more compact DRS imaging 

system was developed, utilizing a xenon arc lamp with eight discrete wavelength filters 

as the source, and replacing the imaging spectrograph and CCD camera with an array of 

mechanically drilled commercial silicon photodiodes epoxied with illumination fibers to 

achieve fiber-based illumination and Si PD based detection [20]. While collection fibers 

were replaced by an array of individually packaged PDs in this report, pixel 

illumination with individual fibers, and pixel spacing limited by commercial PD 

packaging continued to limit the scalability and resolution of the imaging probe. In the 

context of breast cancer imaging, the ability to rapidly assess large margin areas (i.e. 

probe area scalability) is key, since excised breast tissue areas can be as large as 20 cm2 

[3]. Development of large area breast tumor margin assessment probes can be addressed 

in two ways: multi-pixel large area probes or mechanically scanning single pixel probes. 

While multi-pixel illumination and collection is a faster method compared to mechanical 
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single probe scanning, traditional fiber based illumination and collection probes pose a 

challenge in scaling multi-pixel imaging probes for large-area, high-resolution DRS 

imaging [4].   

This thesis addresses the challenge of developing a large area fiber-less multi-

pixel imaging probe utilizing customized Si PD imaging arrays and free-space light 

delivery, as part of a miniaturized and optimized intra-operative breast tumor margin 

assessment system. 

1.2 Objectives and Organization of this Thesis 

The first objective of this thesis is to design, fabricate, and test a novel DRS based 

breast tissue imaging probe that utilizes free-space light delivery for tissue illumination 

and a customized bulk silicon pn-junction annular PD array for diffuse reflectance 

detection. The second objective of this thesis is to develop the next generation DRS 

imaging probe; one that utilizes thin-film Si pn-junction annular PDs heterogeneously 

bonded to transparent rigid or flexible substrates, to enable integration with guided 

wave light delivery, in future probe designs.  

The organization of this thesis is as follows:  

Chapter 2 provides a background and status of the various technologies relevant 

to this thesis. Section 2.1 describes the principle behind DRS imaging and provides the 

current status of DRS based tissue margin imaging tools for rapid intra-operative 

margin assessment. Section 2.2 is a review of bulk and thin-film semiconductor 
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photodetector technologies that can be employed for diffuse reflectance detection, and 

section 2.3 deals with the status of heterogeneous device integration technologies that 

can be used to develop planar integrated diffuse reflectance imagers. 

Chapter 3 delves into the details of the design, optimization, fabrication, and test 

of a customized DRS imaging probe utilizing bulk Si pn-junction annular PDs for DRS 

detection and free space light delivery for tissue illumination. The spectral response and 

dark current of the annular Si PDs is simulated and measured. The probe light delivery 

strategy is modeled and optimized, the pixel-to-pixel optical crosstalk is theoretically 

modeled and experimentally characterized to validate the theoretical model, and the 

probe is tested on a variety of specimens: diffuse reflectance standards, tissue-mimicking 

phantoms, bovine tissue, poultry tissue, and human breast tissue.  

Chapter 4 focuses on the design and development of heterogeneously bonded 

thin-film annular Si PDs for the development of multi-pixel DRS probes. Spectral 

response optimization and characterization, and dark current measurement of a 1x2 

array and 4x4 array of thin-film PDs bonded to a Pyrex substrate is shown. Integration 

of a 1x2 array of thin-film Si annular PDs on flexible substrates is also demonstrated.  

Chapter 5 offers a conclusion to this thesis and outlines future research 

opportunities towards the development of customized DRS imaging probes using Si PD 

imaging arrays. 
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2. Background and Status of the Field 

This chapter provides background and reviews the status of the various imaging 

and detection technologies relevant to this thesis. Section 2.1 describes the principle 

behind DRS tissue imaging and the state-of-the-art technologies available for DRS based 

intra-operative tumor margin assessment. Section 2.2 reviews the various semiconductor 

photodetector technologies that can be chosen for the development of compact, 

customized DRS imaging probes. Section 2.3 discusses the different options available for 

the heterogeneous integration of thin-film annular PDs onto transparent rigid and 

flexible substrates towards the development of thin film DRS imaging probes and 

conformal DRS imaging probes. 

2.1 Intra-operative Tissue Margin Assessment Using Diffuse 
Reflectance Spectroscopy 

Diffuse reflectance from turbid media occurs as a fraction of an incident optical 

beam penetrates the surface of the medium, undergoes absorption and scattering at a 

certain depth from the surface, and returns to the surface as a Lambertian distribution 

[21]. Therefore, diffuse reflection is a function of the material absorption and scattering 

parameters, which can be used to differentiate between healthy and cancerous tissue.  

This section will briefly describe how optical properties can be extracted from diffuse 

reflectance using analytical or numerical methods.  
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Diffuse reflectance in a turbid medium is governed by the radiative transport 

equation [22]:  

�� . �����, ��
 �  ��μ� � μ�
����, ��
 � μ� � ����, ���
����, ��
�����                      (2-1) 

where L is the radiance at position ��, traveling in a direction ��, µa and µs are the 

absorption coefficient and scattering coefficient of the medium, respectively, and ����, ���
 

is a scattering phase function that describes the angular distribution of a single 

scattering event in the medium. This equation ignores the wave nature of light, and 

deals only with the absorption and scattering of individual photons [23]. The first term 

in Equation 2-1 indicates that the energy at a position ��, traveling in a direction �� (per 

unit solid angle), per unit area normal to ��, is reduced by absorption and scattering at 

that position. The second term in Equation 2-1 indicates that radiance at a position ��, 

traveling in a direction ��, is increased by light scattered from ��� directions into direction 

��. The exact form of the scattering phase function is not known, and is characterized by 

the anisotropy coefficient of the tissue ‘g’, which is indicative of the medium being 

isotropic (g = 0), backward scattering (g = -1), or forward scattering (g = 1). 

  One approximation that can be applied to Equation 2-1 is the Diffusion 

Approximation, which can be used to calculate µa and µs analytically, if the diffuse 

reflectance from the medium is known. However, this approximation is only valid for 

low tissue absorption (µa) and long photon travel paths inside the tissue [19]. While this 

approximation holds true for red and near infrared (NIR) wavelengths where absorption 
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is low, it is not valid for UV-VIS wavelengths, which are used for DRS imaging of breast 

tissue in this thesis. DRS spectra in the UV-VIS regime can be used to extract optical 

properties of a medium using an inverse Monte-Carlo (MC) model, such as the one 

developed by Palmer et al [19]. In this model, the optical paths of millions of photons are 

traced (i.e. distance and trajectory followed by a photon inside the medium) based on 

the illumination geometry and optical property of the materials. This model takes 

absorber concentration, scatterer size, and scatterer density as free parameters. The 

wavelength dependent absorption coefficient of the material is calculated using the 

Beer-Lambert Law: 

μ���
 �  ∑ ln �10
� ��
!                            2-2  

Where, � ��
 is the wavelength dependent extinction coefficient of the absorber in the 

medium, and !  is the absorber concentration. Mie theory for scattering particles is 

utilized to calculate the wavelength dependent scattering coefficient (μ�
 and the 

wavelength dependent anisotropy factor (g). The calculated optical properties, μ�, μ�, 

and g, are then utilized in a forward MC model for light transport to model the diffuse 

reflectance from that medium [23]. The forward model also takes into account well-

defined illumination and collection geometries to model the diffuse reflectance by 

calculating the probability that a photon exiting an illumination fiber, will travel a fixed 

distance in the turbid medium, and be collected by a collection fiber at a certain distance 

from the illumination fiber.  
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The modeled diffuse reflectance is then compared to the measured diffuse 

reflectance and the errors between the measured and modeled diffuse reflectance is 

computed. These errors are then used to iteratively update the values of the free 

parameters in the model (absorber concentration, scatterer size, and density) until these 

errors are minimized. The resulting absorber concentration, scatterer size and density 

with minimum errors (informed by the measured diffuse reflectance) are then used to 

calculate the optical properties (reduced scattering coefficient µs’= µs(1-g), absorption 

coefficient µa) of the turbid medium as per Mie theory for spherical particles, Equation 2-

2, and Equation 2-3.  

The extracted absorption coefficient is a measure of the concentration of the 

dominant absorbers in the tissue, hemoglobin, and β-carotene, and the extracted 

reduced scattering coefficient is a measure of the size and density of cells and sub-

cellular organelles. Therefore, the extracted optical properties can be utilized to provide 

quantitative maps of oxy-hemoglobin, deoxy-hemoglobin, beta-carotene, and scattering 

in tissue, as shown in Figure 2 [2]. A classification model developed using a combination 

of these endpoints can be developed to discern between healthy and cancerous tissue. A 

classification algorithm using the aforementioned endpoints, calculated using the 

inverse MC model described above, was developed for the bench-top DRS breast tumor 

margin assessment system shown in Figure 1, to detect positive tumor margins with a 

sensitivity of 80%, and specificity of 67% from a 50 patient clinical study [2]. 



 

11 

 

Figure 2: Quantitative tissue composition maps of β-carotene:scattering for a 

pathology confirmed negative and positive breast tumor margin [2] 

Intra-operative tumor margin assessment using quantitative DRS imaging is 

being explored by several groups because DRS imaging offers non-destructive optical 

sampling of large tissue margins. However, imaging resolution, ability to rapidly assess 

large tissue margins, footprint and cost, remain as unresolved issues for using 

quantitative DRS based tissue margin assessment tools.  

In 2008, Yu et al. [13]  developed a single channel non-contact DRS probe 

utilizing raster scanning to generate quantitative DRS tissue composition maps, such as 

shown in Figure 2, for excised tumor margins from the colon. This DRS probe consisted 

of a single fiber probe composed of one illumination fiber surrounded by six collection 

fibers. This fiber probe was imaged onto the tissue using a lens, and was raster scanned 

using a 2D scanning mirror to collect DRS spectra from the entire tissue margin. While 

raster scanning the 2D mirror enables imaging with high resolution (1 mm2), the 

imaging area was limited by the tilt of the mirror to 2.1 cm x 2.1 cm. Therefore, this 
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probe has limited scalability for breast tumor margin assessment, where tumors can be 

as large as 20 cm2 [3].  

Volynskaya et al. [5] utilized a direct-contact fiber probe for DRS and intrinsic 

fluorescence spectroscopy (IFS) to intra-operatively assess excised breast tumor margins 

from 17 patients with 100% sensitivity and 96% specificity. This instrument consisted of 

a single channel fiber probe (one illumination fiber surrounded by six collection fibers) 

for tissue illumination and DRS and IFS collection. This single channel probe is limited 

in its application for imaging multiple tissue sites on large breast tissue samples. To 

overcome under-sampling of breast tissue margins due to a single channel probe, the 

same group developed a scanning fiber probe [4] with a motorized single fiber probe 

scanner with 0.25 mm imaging resolution over a 20 cm x 20 cm imaging area. While this 

improved system is able to image large tissue margins with excellent resolution, this 

comes at the cost of long imaging times. For example, imaging a 10 cm diameter porcine 

lower leg tissue specimen at 0.5 mm resolution, 50 ms integration time, resulted in a 

total image acquisition time of 30 minutes. This acquisition time is unacceptably long for 

tumor margin assessment inside a surgical suite, where time is typically limited to less 

than 20 minutes for imaging all six faces of the excised tumor [3].  

In 2010, Keller et al. [12]  reported on a DRS, IFS, and spectral imaging system for 

intra-operative breast tumor assessment with 85% sensitivity and 96% specificity from a 

40 patient clinical study. Like the previously described systems, this system had a single 
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fiber probe for DRS illumination and collection, and DRS sampling was limited to one 

point per margin face in a majority of cases.  

As described in Chapter 1 of this thesis, the clinically tested bench-top DRS 

system developed by Ramanujam and coworkers [2, 3] utilized an 8-pixel fiber probe 

with 10 mm spacing, wherein each pixel was composed of illumination and collection 

fibers for tissue illumination and DRS collection. This system utilized a broadband 

xenon lamp as the source, and an imaging spectrograph, and 2D CCDs for imaging the 

collected DRS spectra. The sensitivity and specificity for this system were measured to 

be 79.4%, and specificity of 66.7%, respectively, on a 48 patient cohort. Toward the 

development of a more compact DRS imaging system, Ramanujam and coworkers 

developed a DRS probe composed of a 3x3 array of mechanically drilled commercial 

PDs (Hamamatsu S1227-66BR) which was reported to have been successfully used for 

optical property extraction using fiber-based illumination of specimen [20]. However, 

the resolution of this probe was limited to 7-8 mm due to the packaging of the 

individual PDs. Also, illumination using individual fibers epoxied into PD apertures 

would be challenging to scale to larger multi-pixel probes.  

Towards fiber-less illumination of tissue sites, a 4x4 array of mechanically drilled 

commercial PDs was developed by Ramanujam and coworkers, wherein free-space back 

illumination was provided to illuminate tissue sites [24]. A fiber bundle (5.2 mm 

diameter, 0.57 N.A.) connected to a xenon lamp directed light into one end of a hollow 
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aluminum tube, which illuminated the back of the PD array. Light passed through the 

PD apertures from the back through the holes in the centers of the PDs, and was incident 

on the specimen under study.  The diffuse reflectance signal was then detected by the 

surface of the PDs, which faced the specimen and was in contact with the specimen 

surface. Eight wavelengths of light were successively incident on the specimen using 

eight discrete wavelength filters with 10 nm FWHM.  

This system utilizing a 4x4 array of drilled packaged PDs suffered from low pixel 

density (limited by PD packaging), significant optical losses associated with light 

transmission through the 2.1 mm thick PD apertures (the thickness of the packaged 

commercial PDs) and geometrical pixel-to-pixel non-uniformity (limited by the accuracy 

of the mechanical drilling). The geometrical aperture non uniformity led to inaccuracies 

in the modeling of the illumination and collection geometries, resulting in larger errors 

in the extracted optical properties using the quantitative inverse Monte Carlo model for 

the analysis of the DRS spectra.  

Under sampling of tissue (i.e. imaging fewer tissue sites due to low resolution 

and inability to measure entire tissue margins inside the surgical suite in the interest of 

time) in quantitative DRS imaging is a challenge, and high resolution, rapid, wide-field 

margin assessment can be enabled by using customized multi-pixel DRS imaging 

probes. In addition, DRS imaging systems utilize CCD and spectrographs for imaging 

DRS spectra, which add to the complexity, footprint and cost of the imaging system. The 
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custom, multi-pixel, wide-field, DRS imaging probe developed in this thesis addresses 

these issues, toward the development of a compact and fast intra-operative quantitative 

DRS imaging system. A comparison of the DRS imaging system utilizing the custom 

DRS imaging probe developed in this thesis to the previously developed system 

utilizing a fiber-based imaging probe and commercial PD arrays is discussed in Chapter 

3.   

2.2 Semiconductor Photodetector Technologies 

This section focuses on the review and comparison of various semiconductor 

photodetector technologies and factors that make them appropriate for the development 

of customized DRS imaging arrays. 

2.2.1 PN/PIN Junction Photodiodes 

Silicon PN junction photodiodes are the most commonly used PDs for 

applications demanding high responsivity, low-dark current PDs in the ultraviolet-

visible wavelength regime (λ = 200 nm – 1100 nm). The principle of operation of PN 

junction PDs is shown in Figure 3. Photo-generated electron-hole pairs in the depletion 

region and within one diffusion length (Le and Lh for electrons and holes, respectively) of 

the depletion region are collected by the depletion region and produce drift and 

diffusion currents, which is the photocurrent. A variation of the PN junction PD is the 

PIN PD that has a larger depletion width than PN junction PDs due to a wide “intrinsic” 

(i.e. undoped) region between the P and N regions. PN junction/ PIN detectors do not 
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have any gain and have a low dark current compared to other detector structures such 

as avalanche photodiodes and metal-semiconductor-metal photodetectors of comparable 

sizes [25]. The dark current in PN junction/PIN photodiodes is attributed to generation-

recombination in the depletion region, in the un-depleted bulk, and on the surface of the 

detector [26-28]. 

 

Figure 3: Band diagram of a PN junction at a 0 V electrical bias under illumination 

(optical bias)  [25] 

Ouchi et. al. [29], designed and fabricated bulk Si PN junction diodes operating 

in the 200 nm – 1000 nm wavelength range using shallow boron (p) impurity diffusion 

on an n-type, resisitivity =  5-10 Ω-cm epitaxial substrate, as shown in Figure 4(a) [29]. 

The measured responsivity for this device was 0.2 A/W – 0.4 A/W in the 400 nm – 600 

nm wavelength range and the dark current was 200 pA/cm2 for a 3 mm x 3 mm diode 

area. A low dark current was achieved by utilizing defect-free epitaxial Si and 

incorporating a 300 nm thick SiO2 passivation/anti-reflection coating. In addition, guard 
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rings were utilized to prevent premature junction breakdown at the PD surface and at 

the corners of the junctions. 

Kwa et. al. [30] fabricated monocrystalline thin film (2 μm – 4μm) silicon P+N 

junction detectors suspended on a SiN membrane with a measured responsivity of 0.03 

A/W – 0.115 A/W for λ = 470 nm – 600 nm at a 0V bias. The dark current density was 

measured to be 25 nA/cm2 at a 0V bias for 40 x 1000 µm2 detection area. A SiO2 

passivation layer was used to minimize surface leakage current. While [29] used a 

patterned front and a blanket back contact, [30] used lateral patterned contacts on one 

side of the PD and illuminated the PD from the un-patterned side. The low responsivity 

at shorter wavelengths in [30] has been attributed to a 0.6 μm thick “dead zone” that 

existed because of incomplete substrate removal, as shown in Figure 4(b), where 

photogenerated carriers have short lifetimes and do not contribute to the photocurrent. 

 

Figure 4: (a) Bulk Si PN junction photodiode [29]; (b) Thin-film Si P+N junction 

photodiode [30] 
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Muller [31] reported on monocrystalline thin film Si (4 µm – 15 µm) PIN PDs 

heterogeneously bonded to a copper stud. The fabricated PDs had integrated gratings on 

the bottom surface to enable reflections of longer wavelengths, thereby increasing the 

external quantum efficiencies for longer wavelengths of light. The bottom of the PD 

surface was electroplated with 20 um – 30 um of gold, resulting in a total PD thickness 

~45 µm. External quantum efficiencies of 28% - 95% were measured for λ = 400 nm – 600 

nm, resulting in a measured responsivity of 0.09 A/W – 0.46 A/W at 10 V bias. The 

reported dark current was 1 nA for a diode area equal to 1.33 x 10-4 cm2. These thin film 

PDs were optimized for high-speed response, and the full width at half maximum 

(FWHM) impulse response was measured to be less than 65 ps.  

Zimmermann et al. [32], reported on a monocrystalline thin-film Si lateral PIN 

PD optimized as a high-speed UV scintillation detector. The fabricated PD was 

suspended on Si supporting pillars after the silicon-on-insulator (SOI) substrate was 

locally etched away from underneath the PD. The cavity underneath the PDs was then 

filled with wax to provide mechanical support to the suspended membrane (in addition 

to the Si pillars that remained after the substrate removal etch), and the entire structure 

was bonded to a glass plate. The lateral PIN PD was fabricated using interdigitated P 

and N regions, with the intrinsic region sandwiched laterally between the interdigitated 

P/N fingers. The measured responsivity was 0.27 A/W – 0.34 A/W for λ = 430 nm – 638 

nm at 60 V, and the measured dark-current was 0.48 nA for a diode area of 3.66 mm2.  
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John Rogers and coworkers have reported on monocrystalline thin film Si PN 

junction PDs and solar cells heterogeneously bonded to flexible substrates [33, 34]. One 

reference reports on the fabrication of a thin film silicon PN junction imaging array 

fabricated on a flexible polyimide membrane for the demonstration of a flexible 

hemispherical camera, however, the performance of this reported PN junction 

photodiode has not been characterized or optimized [33]. Flexible thin film solar cells 

were reported to have an external quantum efficiency equal to 4% - 10% across the solar 

spectrum, however, these cells did not utilize any AR coatings, passivation layers, or 

surface texturing for responsivity enhancement [34]. 

Si PN junctions are the preferred detector structure for the development of a 

compact, DRS imaging probe operating in the visible wavelength regime. Vertical Si PN 

junction PDs can be designed to have high external quantum efficiency for visible 

wavelengths at low bias or unbiased conditions. This is achieved by fabricating the PN 

junction such that the depletion region overlaps the absorption depth of the 

wavelengths of interest [35]. In addition, low bias or unbiased operation ensures low 

dark current, which is critical for the detection of low light levels. It should be noted that 

the speed of wavelength scanning in the DRS imaging system is limited to <1 Hz [20]. 

Therefore, high speed is not a critical requirement for the annular Si PDs developed for 

the custom DRS imaging probes reported in this thesis. 
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2.2.2 Metal-Semiconductor-Metal (MSM) Photodiodes 

MSM photodetectors are formed using interdigitated Schottky contacts on 

undoped semiconductor material, as shown in Figure 5. Applying a bias to the Schottky 

contacts depletes the absorbing undoped semiconductor material, where 

photogenerated charge carriers can be collected. MSM PDs suffer from shadowing 

(reflection) at the front surface due to the metal finger electrodes, thereby degrading the 

responsivity. To overcome this drawback, thin film inverted-MSM (I-MSM) 

photodetectors were developed [36]. I-MSM PDs are MSM PDs separated from their 

growth substrate and bonded to a host substrate with the fingers on the bottom. I-MSM 

PDs were developed for optical detection in applications that require high speed optical 

interconnections and planar integration. High speed InGaAs based thin film I-MSM 

photodetectors of 40 μm diameter have been reported with an impulse response full-

width at half-maximum (FWHM) of less than 5 ps [37], and the planar integration of thin 

film I-MSM PDs with polymer waveguides and edge emitting lasers has been 

demonstrated [38].  

 

Figure 5: Photomicrograph of an InGaAs MSM PD 
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The key performance parameters for photodetectors are speed of operation or 

bandwidth, sensitivity, noise, and gain [40]. The speed of a photodetector is associated 

with its intrinsic capacitance as well as to the transit time of the carriers between the 

electrodes. The intrinsic capacitance of an MSM photodetector with 50 μm x 50 μm 

detection area, finger width 1 μm and finger spacing 2 μm, is on the order of 40 fF [39]. 

This is about 4 times smaller than that of a PIN photodiode of similar area [25], which 

makes MSM PDs appropriate for use in applications operating at speeds greater than 10 

gigabits per second [37].  Since MSM PDs are low capacitance devices, the bandwidth of 

MSM PDs are typically limited by the transit time of carriers between the electrodes. 

Therefore, the bandwidth is inversely proportional to the finger spacing L and the 

thickness of the absorbing region. The external quantum efficiency of a MSM PD is given 

by [25]: 

"#$% �  " �1 � &'
 ( )
)*+, �1 � -./0)                                              (2-3) 

where ηi is the internal quantum efficiency, �R is the reflectivity of the surface of the 

detector, α is the absorption coefficient of the absorbing material of thickness d, and W is 

the finger separation. 

It is clear from the discussion above that a higher bandwidth requires smaller 

finger spacing and a thin absorbing region, both of which result in a decrease in the 

external quantum efficiency, and therefore the responsivity, of the detector. Thin-film I-

MSM PDs address this trade-off. I-MSMs with a large detection area and low 
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capacitance per unit area ensure that the photoresponse of the detector does not suffer 

due to a thin absorbing region, while maintaining high bandwidth. Ref. [36] compares 

the performance of thin film I-MSM PDs and conventional on-wafer MSM PDs in terms 

of their speed and sensitivity. The reported sensitivity of an InGaAs based, 50 μm 

diameter, I-MSM PD with finger width and spacing equal to 1 μm is 0.7 A/W, whereas 

that of a conventional MSM PD made from the same material and of identical 

dimensions is 0.23 A/W. The reported I-MSM PD had an FWHM of 50 ps and was 32% 

slower than the conventional MSM PD. The slower response of I-MSM PDs has been 

attributed to the photogeneration of carriers under the fingers. MSM PDs generally have 

a higher dark current than PN junction PDs, typically in the range of 1-15 nA [25, 37, 40, 

41]. The dark current of MSM PDs is generated due to the thermionic emission of 

carriers over the Schottky barriers. It can be reduced by increasing the barrier height of 

the electrode Schottky contact [39, 42]. Little or no gain has been reported for most MSM 

photodetectors. Any reported gains in MSM PDs have been attributed to long-lifetime 

traps in the absorbing region or in the interface between lattice mismatched layers [25, 

39, 40]. A 300% gain was reported for InGaAs based MSM PDs using a strained GaAs 

barrier enhancement layer [40]. However, no gain has been reported for MSMs using 

defect free, lattice matched materials [36, 37, 43]. 

Flexible thin-film Si MSM PDs integrated onto Polyethylene terephthalate (PET) 

substrates have been explored for flexible imaging systems [44]. However, the thickness 
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of the fabricated PDs (260 nm) limited the responsivity to 7.4x10-8 A/W at 0V bias, and 

7.42x10-5 A/W at 4V bias. The dark current density was reported to be 2.22 nA/cm2 at 0V, 

and 222.22 nA/cm2 at 4V bias for a PD area of 9 mm2.  

MSM PDs require non-zero bias operation to achieve high external quantum 

efficiency. Non-zero bias voltage operation and thermionic emission over Schottky 

contact barriers lead to higher dark current densities in MSM-PDs compared to PN 

junction PD. Therefore, MSM PDs are not suited for the development of high SNR, 

custom DRS imaging arrays.  

2.2.3 Avalanche Photodiodes 

Avalanche photodiodes (APDs) are essentially PN junction photodiodes that 

operate at reverse bias voltages close to the avalanche breakdown voltage (20V – 50V) 

[25]. APDs provide high gain, which is useful for detecting low light level signals. 

Photogenerated carriers in APDs are accelerated by high reverse bias voltages and 

participate in ionizing collisions that lead to carrier multiplication, resulting in gain. 

However, the probabilistic nature of the occurrence of these ionizing collisions is a 

primary source of noise in avalanche photodiodes, called excess noise [35]. This 

statistical noise can be reduced by ensuring that either electrons or holes (not both) 

initiate the avalanche process. In compound semiconductor materials, this is typically 

achieved by designing asymmetric materials such as staircase superlattices that ensure 

that the impact ionization rate is much higher for either electrons or holes [25]. In silicon, 
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the impact ionization rate of electrons is much higher than that of holes [35], hence 

designs utilizing electrons for initiating the avalanche process have lower noise.  Dark 

current in APDs is higher than dark current in PN junction photodiodes of comparable 

size, as the dark current is amplified along with the photocurrent by the avalanche gain 

process, as shown in Figure 6 [35, 45].  The dark current in APDs is usually attributed to 

generation and recombination in the depletion region, dislocations in the depletion 

region that lead to the generation of microplasmas (defect centers with lower 

breakdown voltage than the PN junction), surface recombination and generation, and 

leakage at the junction edges [35]. The dark current due to these factors can be 

suppressed by limiting the size of APDs to 10 – 100 μm in diameter and by utilizing 

guard ring structures to minimize leakage at junction edges [25]. High sensitivity, large 

area (8 mm x 8 mm) APDs have been reported, but they are operated at liquid nitrogen 

temperatures to minimize noise [46]. APDs require stable voltage sources and 

temperature controlled environments for stable operation [25]. The requirement for 

stable high reverse bias voltages, small detection area, and the presence of a temperature 

controlled environment for low-noise operation of avalanche photodiodes make them a 

less attractive candidate for the development of annular PDs for a custom DRS imaging 

probe. 
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Figure 6: Photodetection process in an avalanche photodiode, adapted from [35]. 

2.2.4 CCD Arrays 

Charge Coupled Device (CCD) imagers are composed of arrays of Metal-Oxide-

Semiconductor (MOS) capacitors, and the quantity of charge stored by each MOS 

capacitor is a function of the light incident upon it. Figure 7(a) shows a single pixel of a 

MOS array, composed of a metal gate, a SiO2 insulator layer, and low-doped p-type Si 

bulk [35]. In operation, individual MOS pixels in a CCD array are biased in deep 

depletion as shown in Figure 7(b). In the case of p-type bulk Si, a positive gate voltage 

creates a depletion region by repelling the majority holes away from the oxide-bulk 

interface. Photons incident upon the MOS pixel are absorbed in the Si, generating 

carriers in the depletion region at the oxide-bulk interface, as shown in Figure 7(c). 

Therefore, charge in the depletion region (electrons in the case of the p-type bulk) is 

proportional to the light incident upon the MOS device.  
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Figure 7: (a) A single MOS pixel in a CCD array; (b) Band diagram of a MOS pixel 

biased in deep depletion; (c) Band diagram of a MOS pixel in deep depletion under 

illumination [35]. 

The external quantum efficiency of commercial Si CCD arrays are 30% - 90% for 

λ = 400 nm – 600 nm. High external quantum efficiencies are achieved by thinning the 

CCD die, and illuminating from the backside, thereby reducing shadowing (reflection) 

by the metal gate.  

The thermal migration of charges that are generated in the depletion region or in 

the bulk constitutes CCD dark current. CCD dark current is reduced by half by a 7° C - 

8° C decrease in temperature [47]. Therefore, a majority of CCD imagers are cooled to -

30°C to -90° C. An additional source of noise in CCD imagers is readout noise generated 

by a readout amplifier that converts photogenerated charge to a voltage reading. The 

photogenerated charge in each pixel is shifted across a CCD row by increasing the gate 

bias on the neighboring pixel resulting in electron migration to the neighboring 

depletion well. At the end of each CCD row, a readout amplifier converts the 
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accumulated charge to a voltage and resets itself for the next conversion. The amplifier 

reset is the primary cause of readout noise [47]. The dynamic range of CCDs is the ratio 

of full well capacity (i.e. maximum charge that a single MOS pixel can store) and the 

readout noise. 

Conventional DRS imaging systems described in Section 2.1 utilize cooled CCD 

arrays for imaging DRS spectra. However, CCD imagers need to be interfaced with fiber 

probes for direct contact DRS imaging, in order to collect diffusely reflected light from 

tissue specimens. In addition, they need to be cooled for low dark current operation, and 

detection signal-to-noise ratio is limited by readout noise, especially at low light levels 

[3, 48].  

2.3 Photodetector Integration Technologies  

One approach to the integration of PDs is direct growth.  Monolithic integration 

techniques use epitaxial growth of materials onto a lattice mismatched substrate, such as 

growth of GaAs or InGaAs layers on a Si substrate. However, these layers have critical 

thickness constraints [25] and differences in thermal coefficients of expansion [51], and 

may suffer from defects and dislocations at the heterointerface which may lead to 

performance degradation and even failure of photodetectors [52, 53]. 

Flip-chip bonding uses solder bumps to bond detector electrodes to contacts on 

the host substrate. However, poor alignment accuracy, application of optically 
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transparent under-fill [49], and the requirement of a beam turning element upon 

integration with planar waveguides [50] are a few disadvantages of flip-chip bonding.  

  

Figure 8: Schematic of a flip-chip bonded bulk semiconductor PD. 

Heterogeneous integration of PDs onto arbitrary host substrates enables 

integrated optical detection in a performance optimizing and potentially cost effective 

manner. Heterogeneous integration of thin film devices onto host substrates has been 

performed using a variety of methods to remove the substrate before or after 

transferring and bonding the devices to a host substrate. Substrate removal methods 

include epitaxial liftoff [54] and substrate etch back [55, 56], transfer methods include 

elastomeric stamps [57] and transfer substrates (diaphragms or rigid substrates) [58], 

and bonding methods include van der Waals [34, 59], metallic [36], wafer fusion [52], 

and adhesive bonding [60, 61].  

Epitaxial lift-off (ELO) is a substrate removal method based on the selective 

etching of a sacrificial etch layer such as AlxGa1-xAs (x>0.6) using HF, to separate device 

layers such as AlxGa1-xAs (x<0.4) layers epitaxially grown on a GaAs substrate [54]. A 

variation of this method [56], is to etch away the substrate (e.g. GaAs; Si) and to stop the 
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etch at an etch stop layer (e.g. AlGaAs; SiO2 in SOI substrates). The etch stop layer may 

subsequently be removed using another selective etch. 

 

Figure 9: (a) Patterned mesas on the growth substrate; (b) Mesas embedded in black 

wax (Apiezon W) to enable handling of thin films after substrate removal; (c) ELO by 

etching sacrificial etch layer; (d) Substrate removal by etching off the substrate 

followed by a selective etch to remove the etch stop layer; (e) Thin film devices 

bonded to a mylar diaphragm due to weak Van der Waal’s forces; (f) Transfer of thin 

film devices to a host substrate and formation of metal/metal bond. [55] 

Bonding of thin film devices onto host substrates can occur before or after 

substrate removal. Wafer fusion and adhesive bonding methods are used to bond 

devices to host substrates before substrate removal. Wafer fusion bonding enables the 

integration of lattice mismatched materials through the formation of a crystalline 

junction at a contamination free heterointerface, typically with high temperature 
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annealing and pressure in a hydrogen ambient [51, 52]. Adhesive bonding uses an 

adhesive such as benzocyclobutene (BCB) or spin-on glass (SOG) to bond heterogeneous 

materials [60, 61]. However, these techniques require exceptionally clean surfaces for 

defect-free heterojunctions and adhesives can impose an upper limit on post-bonding 

processing temperatures [49]. 

 

Figure 10: Schematic of adhesive bonding process for heterogeneous integration of 

semiconductor devices [62]. 

Transfer of thin film devices onto host substrates after substrate removal  has 

been performed using elastomeric stamps or transfer substrates that provide support for 

thin film handling [57, 58]. Following transfer, the devices can be bonded onto the host 

substrate by utilizing Van der Waals interaction bonding or metallic bonding [34, 36, 59]. 

Thin film devices can be heterogeneously integrated using any combination of these 

transfer and bonding methods. 

Transfer and bonding using elastomeric stamps and Van der Waals bonding 

involves releasing device arrays from the donor substrate (e.g. buried oxide etch to 

release device layer mesas, KOH based undercut etch on bulk silicon substrates), peeling 

the devices off the donor substrate using an elastomeric stamp, and printing and 
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transferring the devices to the host substrate from the stamp [57]. While this technique 

has been successfully applied to transferring arrays of devices, it is not suited for sparse 

integration of semiconductor devices [33, 34].  

Transfer and bonding using a transfer substrate and metallic bonding involves 

using a protective polymer such as Apiezon WTM or WaferBondTM, along with a 

temporary carrier substrate such as a thin MylarTM diaphragm or a rigid PyrexTM 

substrate [55] that provides support to the thin film devices,  as described in Figure 9.  

The thin film devices can be transferred to a host substrate and bonded using a low 

temperature anneal or thermo-compression bonding to form a strong, thermally 

conductive, and electrically conductive metal/metal bond between the electrodes of the 

detector and the contact pads on the host substrate [36, 55].    Thus metal/metal bonding 

simultaneously enables bonding and electrical connection to device electrodes.   

Substrate removal, transfer and bonding methods that have been well 

established for the processing of thin film III-V semiconductor devices have been 

modified in this thesis for the heterogeneous integration of thin film silicon devices. The 

buried oxide layer in silicon-on-insulator (SOI) substrates was used as an etch stop layer 

for substrate removal, WaferBondTM and PyrexTM were used for thin film device 

handling and transfer, and metallic bonding was utilized for thin film device bonding. 

Experiments measuring photoluminescence characteristics [63] and minority carrier 

lifetime [59] have shown that substrate removal results in no detrimental effects on thin 
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film devices, provided that the semiconductor material is not damaged during the 

fabrication process.  
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3. Design, Fabrication, and Test of a Custom DRS 
Imaging Probe Utilizing Bulk Si Photodetector Arrays 
and Free Space Light Delivery 

This chapter describes the design, fabrication, and test of a bulk Si photodetector 

array and an optimized light delivery system for a custom DRS imaging probe. Section 

3.1 deals with the design and development of the bulk Si PD array. Section 3.2 

demonstrates that the use of the custom bulk Si PD array results in a 2-4 times 

improvement in DRS signal over a previous generation of the imaging probe that was 

fabricated using commercial Si PDs [24]. Section 3.2 also shows that an SNR of 30 dB – 

55 dB is achieved on diffuse reflectance standards, animal tissue, and human breast 

tissue using the custom imaging array. Section 3.3 deals with the optimization of the 

light delivery scheme to increase the power (and therefore, DRS signal) incident on the 

measured specimen. Section 3.4 deals with the theoretical analysis and experimental 

characterization of the pixel-to-pixel optical crosstalk, which limits the resolution of the 

DRS imaging array and informs the choice of an optimized light delivery scheme. 

Finally, section 3.5 demonstrates that SNR of 30 dB – 45 dB is achieved using an 

optimized imaging array and light delivery scheme on tissue mimicking phantoms and 

human breast tissue. 

3.1 Imaging Array Development 

The custom PD array consists of annular Si pn junction PDs, i.e. each Si PD has 

an aperture in the center of the device active area. This aperture allows light to travel 
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through the device onto the tissue specimen placed in contact with the PD. The active 

area of the PD around the aperture detects the diffusely reflected light from the tissue.  

In the context of DRS imaging, the illumination aperture is the “source” and the 

surrounding active area is the “detector.” Figure 11 shows the trajectory of two photons 

within the tissue, one of which is absorbed and the other scattered multiple times 

towards the surface of the tissue. In order to achieve a sensing depth of 1-2 mm (i.e. in 

order for these photons to travel to a depth of 1-2 mm within the tissue) with high 

signal-to-noise ratios (SNRs), multiple source/detection geometries have been examined. 

The explored geometries include detection areas that are laterally displaced from the 

illumination source and detection areas radially surrounding the illumination source 

[64, 65]. The optimized illumination/collection geometry for this application is to 

provide central illumination to the tissue from a spectrally controlled source while the 

diffusely reflected light is collected by a detection area surrounding the central 

illumination area.  

 

Figure 11: Diffuse reflectance from turbid media such as biological tissue is a function 

of the optical absorption and scattering properties of the constituents of such media. 
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In fiber-based probes, this geometry is realized by placing collection fibers 

around an illumination fiber bundle. In this thesis, this optimized geometry was realized 

by utilizing annular PDs containing central illumination apertures. 

3.1.1 Photodetector Design 

PD responsivity and dark current are the PD performance parameters that 

require optimization to achieve high DRS signal levels. A spectral response optimized 

for DRS imaging wavelengths and a suppressed PD dark current ensure high DRS signal 

levels (Iphoto-Idark) that lead to a higher system signal-to-noise ratio (SNR). The responsivity 

of Si pn junction PDs is a function of the depth of the pn junction. The absorption 

spectrum of silicon, shown in Figure 12(a), determines the depth of absorption for 

photons in the 400 nm – 600 nm wavelength range, and hence the depth of the pn 

junction depletion region, where the resulting charge carriers are collected. The photon 

flux (φ) within the semiconductor obeys the Beer-Lambert law [35], 

 %1�2�3 %%#0 �    24 0#2% -./5            (3-1) 

i.e., the photon flux exponentially decreases with the depth l into the absorbing region of 

the semiconductor. The absorption coefficient α determines the rate of absorption in the 

semiconductor. Figure 12(b) and Figure 12(c) show the photon flux contours for λ = 400 

nm and λ = 600 nm in 10 μm thick silicon. The higher absorption coefficient of silicon at 

400 nm leads to a shallower absorption depth at 400 nm compared to 600 nm. Therefore, 

it is expected that the photogenerated carriers for shorter wavelengths will be 
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concentrated near the surface of the semiconductor material. In order to have a high 

responsivity at shorter wavelengths, these carriers need to be collected before they 

recombine (i.e. collected at a distance shorter than the diffusion length of carriers). 

Diffusion doping methods result in a higher dopant concentration near the surface of the 

semiconductor, resulting in a shorter diffusion length for carriers generated near the 

surface. For example, the diffusion length, in a defect-free silicon substrate, at a dopant 

concentration 1015 cm-3 is on the order of 1 mm, whereas it is reduced to ~800 nm for a 

dopant concentration of 5x1019 cm-3, for both electrons and holes in silicon [35, 66]. In 

addition, carriers generated near the surface can recombine at an unpassivated silicon 

surface due to surface recombination, which is characterized by the surface 

recombination velocity (SRV). A high SRV is more detrimental to the photoresponse at 

shorter wavelengths due to the higher absorption coefficient at shorter wavelengths 

(leading to a higher concentration of photogenerated carriers at the surface for shorter 

wavelengths). Therefore, a shallow junction (<1 µm) along with a passivated 

semiconductor surface are critical for the efficient collection of carriers generated from 

shorter wavelengths of light. 
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Figure 12: (a) Absorption coefficient of Si as a function of wavelength [25]; (b) Photon 

flux contours for 400 nm light incident on 10 μm thick Si; (c) Photon flux contours for 

600 nm light incident on 10 μm thick Si. The thick black line in figures (b) and (c) 

depicts the depth at which the photon flux has dropped to 1⁄e2 of the incident photon 

flux. 

The spectral response of a uniformly doped, abrupt junction, p-on-n 

photodetector is governed by the equations described below. These equations are 

modified from [35], which deals with n-on-p unbiased PDs only. The generation rate, G, 

of photogenerated electrons and holes at a distance x from the top surface of the 

photodetector is, 

6��, 7
 �  8��
9��
:1 � ;��
< -./�=
$                                                             (3-2) 

where F(λ) is the incident photon flux (photons/cm2) and R(λ) is the fraction of the 

incident photon flux reflected from the front surface. 
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Figure 13: Pn junction geometry used to derive analytical expressions for 

photogenerated drift and diffusion current 

The 1D, steady state, continuity equations for minority electrons in the p-side 

and minority holes in the n-side are given by, respectively [35]: 

62 � 2>.2>?
@A

� B
C

0DA
0$ � 0             (3-3) 

6E � EA.EA?
@>

� B
C

0D>
0$ � 0             (3-4) 

where, np and pn are the minority electron and hole carrier concentrations, respectively, 

npo and pno are the thermal equilibrium minority electron and hole carrier concentrations, 

respectively,  τn and τp are the minority electron and hole carrier lifetimes, respectively, 

and Jn and Jp are the electron and hole current densities, respectively.   

The current density equations for electrons and holes are given by, respectively 

[35]: 

F2 � GH2IEJ � GK2
02>
0$              (3-5) 

FE � GHE�2J � GKE
0EA
0$             (3-6) 
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where, μn and μp are the electron and hole mobilities, respectively, J is the electric field, 

and Dn and Dp are the electron and hole diffusion constants, respectively.  

Using equations (3-2), (3-3), and (3-5), the following relation for minority 

electrons in the p-type region of the PD can be derived, assuming that the electric field J 

is zero outside the depletion region: 

K2
0L2>
0$L � 89�1 � ;
-./$  � 2>.2>?

@A
� 0          (3-7) 

The general solution to an equation of the form of equation (3-7) is given by [35]: 

IE � IEM �  N cosh $
)A

� S sinh $
)A

� /U�B.'
@>
/L)>L .B  -./$                                 (3-8) 

where, �2,E �  VK2,EW2,E, is the electron or hole diffusion length, respectively.  

The constants A and B can be determined by using the following boundary 

conditions that take into account the surface recombination at the front surface of the 

detector and the fact that minority carrier concentration at the depletion region edge is 

small due to the electric field in the depletion region:  

K2
0

0$ XIE � IEMY � Z2XIE � IEMY [\ 7 � 0          (3-9) 

IE � IEM ] 0    [\ 7 �  7̂           (3-10) 

where Sn is the electron surface recombination velocity at the front surface, and xj is the 

distance of the top edge of the depletion region from the front surface. 

Using the photogenerated minority carrier distribution as a function of x, given 

by equation (3-8), the diffusion current density due to minority electrons collected on the 

p-side depletion region edge can be calculated using [35]: 
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F2 � GK2 (02>
0$ ,

$_
.           (3-11) 

When the dopant concentration is a function of x, Jn would be a function of J, and 

Jn is typically calculated numerically using a device modeling software. Similarly, using 

equations (3-2), (3-4) and (3-6), the following relation for minority holes in the n-type 

region of the PD can be derived [35]: 

KE
0LEA
0$L � 89�1 � ;
 -./$ � EA.EA?

@>
� 0        (3-12) 

Again, the general solution for an equation of the form of equation (3-12) is given 

by an equation of the form of equation (3-8) and the two constants can be calculated 

using the following boundary conditions: 

�2 � �2M ] 0   [\ 7 � 7̂ � `                      (3-13) 

�KE
0�EA.EA?


0$ � ZE��2 � �2M
    [\ 7 � a        (3-14) 

where, W is the width of the depletion region, H is the distance of the back contact from 

the front surface and Sp is the hole surface recombination velocity at the back contact. 

The first boundary condition implies that the minority hole concentration at the edge of 

the depletion region is zero and the second boundary condition takes into account 

surface recombination at the back contact of the detector. 

Using equation (3-8), (3-12), and the two aforementioned boundary conditions, 

we can calculate the diffusion current density due to minority holes collected at the n-

side depletion region edge [35]:  
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FE � �GKE (0EA
0$ ,

$_*+
           (3-15) 

As mentioned earlier, when the dopant concentration is a function of x, Jp would 

also be a function of J, and Jp is typically calculated numerically using a device modeling 

software. 

The drift current due to photogenerated carriers in the depletion region is 

calculated by: 

F01 � �GI0#E                                (3-16) 

where ndep is the number of change carriers (electrons or holes) generated in the 

depletion region per unit time. ndep can be estimated by integrating the number of charge 

carriers generated between xj and xj+W: 

F01 � �G � 6��, 7
 �7$_*+
$_

          (3-17) 

and substituting Equation (3-2) in Equation (3-17), 

F01 � �G9�1 � ;
-./$_  :1 � -./+<.                        (3-18) 

The spectral response of a PD is defined as the photogenerated current per unit 

power incident on the PD. It is a critical device parameter that is a measure of the 

efficiency of the fabricated PD. As observed in Equations (3-11), (3-15), and (3-18), the 

photogenerated current is a function of the absorption coefficient α, which in turn is a 

strong function of the wavelength λ, as shown in Figure 12(a). Therefore the spectral 

response of a p-on-n unbiased photodetector is a strong function of the wavelength λ, 

and is given by [35]: 



 

42 
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 � F2��
 � F01��
<b                    (3-19) 

The spectral response for an abrupt pn junction with uniformly doped p-type and n-type 

regions can be calculated analytically, as described above. However, when the doping in 

the p-type and n-type regions is a non-abrupt function of the depth of the 

semiconductor material, numerical analysis is typically used [35] because of the presence 

of non-abrupt electric field gradient (a function of the doping gradient) that defines the 

pn junction. In this thesis, a boron doped spin-on-glass is used for diffusion doping a n-

type Si substrate. The resulting complementary error-function profile of boron leads to a 

doping gradient, and a graded electric field that defines the pn junction [67, 68], 

resulting in a complex analytical expression for the doping that is best explored using 

commercial semiconductor device modeling software.  The software that was used in 

this thesis, Silvaco®, was used to simulate the spectral response of the bulk silicon pn 

junction PDs.  

A 3D simulation was performed in Silvaco Atlas® to model the surface normal 

spectral response and junction depth of the fabricated PDs. The simulated structure 

consisted of a 10 µm x 10 µm x 100 µm volume of n-type silicon. The simulated area of 

the PD was restricted to 10 µm x 10 µm to save computational time, since a laterally 

invariant vertical pn-junction was used; i.e. the doping contours (and therefore electric 

field contours) varied only as a function of the depth of the semiconductor, as shown in 

Figure 14(a). The thickness of the simulated pn-junction PD was limited to 100 µm, 
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which was greater than 10 times the depth at which the photon flux drops to  1/e2 of the 

incident photon flux, as shown in Figure 3(b) and 3(c). The simulated model used the 

dopant concentrations and epilayer thickness of the starting wafer used to fabricate the 

devices, as specified by the vendor. The thickness of the epilayer was 6 µm and the n-

type doping concentration used for the epilayer was 6.5x1014 cm-3. The thickness of the 

simulated substrate was 94 µm, and the doping was 4.5x1017 cm-3. A complementary 

error-function profile was simulated for boron diffusion, resulting from the solution of 

Fick’s second law for diffusion for the case when the surface concentration does not 

deplete over the course of the diffusion step [68]. The boron surface concentration (Co), 

herein, was equal to 5x1019 cm-3 and remained constant for different junction depths 

simulated (<1 µm), i.e. the dopant source maintained a constant surface concentration 

and did not deplete [67]. The top and bottom contacts were assumed to be ideal ohmic 

contacts. A λ/4 SiN anti-reflection (AR) coating was used in the Silvaco model, which 

also provided excellent surface passivation [69]. A 52 nm thick SiN AR coating was 

modeled for minimum surface normal reflectivity at shorter wavelengths (less than 500 

nm), where the responsivity was lowest. A 3D optical source with a beam intensity of 1 

W/cm2 was swept across a 470 nm – 600 nm wavelength range to estimate the 

photocurrent. This wavelength range was optimized for breast cancer tumor margin 

assessment using DRS [70]. The photocurrent values calculated in Silvaco were divided 

by the power incident on the illuminated front surface (10 μm x 10 μm) of the simulated 



 

44 

structure to calculate the spectral response for different junction depths. Figure 14(b) 

shows the simulated surface normal response with and without an AR coating for three 

different simulated junction depths.  

The surface normal responsivity of the Hamamatsu S1227-66BR PDs, used in the 

successful demonstration of a commercial PD array DRS imaging probe, was 0.275 A/W 

– 0.385 A/W for λ = 470 nm – 600 nm [71]. This imaging probe demonstrated a minimum 

SNR of 40 dB and enabled optical property extraction with errors lower than 20% from 

tissue mimicking phantoms [20]. To achieve a target minimum SNR of 40 dB at all 

wavelengths measured (λ = 470 nm – 600 nm), the responsivity needed to be optimized 

for λ = 470 nm where the available power from light source (broadband xenon lamp + 

wavelength filters) was lower than at λ = 600 nm, and tissue absorption was higher [20, 

72]; resulting in lower DRS signal levels. Therefore, the Silvaco simulations informed the 

decision to aim for a junction depth 500 nm – 900 nm, to achieve a PD responsivity 

sufficient to achieve high SNR DRS imaging across all wavelengths measured (λ = 470 

nm – 600 nm). 
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Figure 14: (a) A Silvaco screenshot demonstrating the electric field gradient in the epi-

layer of a bulk Si pn-junction PD (b) Simulated spectral response for varying junction 

depths demonstrating the simulated responsivity improvement with a 52 nm thick 

SiN AR coating. 

Another critical parameter that requires optimization for maximizing the 

imaging system SNR is the leakage or dark current of the Si PN junction PD. The three 

major components of the PN junction leakage current are [28]:  

(1) The diffusion current or due to carriers generated in the bulk of the material 

diffusing to the junction: 

 F0 cc,2,E � G�2,E
2d

L

ef,g@A,>
hexp (Clm

no , � 1p                     (3-20) 

where qr,sis the acceptor or donor concentration, respectively, and Va is the applied 

bias. 

(2) The space-charge region generation current density due to carrier generation at 

defect locations in the pn junction [28]: 
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where Wt is the generation lifetime. 

(3) The surface generation current density due to carrier generation at the surface of the 

material [28]: 

F�t � GZMI �̀ hexp (Clm
vwo, � 1p ()

r,           (3-22) 

where ZM is the surface recombination velocity,  �̀ is the width of the space-charge 

region at the Si/SiO2 interface (or the interface between Si and the passivation layer used) 

due to the lateral extent of the pn junction (under the diffusion mask) at the edges of the 

active area [73] and , L is the perimeter of the junction, and A is the area of the junction. 

From equations (3-20), (3-21), and (3-22), the PDs should be operated close to 0V 

bias (Va = 0) to minimize the dark current. The generation lifetime in equation (3-21) is 

inversely dependent on the concentration of generation centers (defects) [27, 68]. The 

defect density was expected to be low in the fabricated devices through the use of high 

quality epitaxial silicon substrates. The surface recombination velocity in equation (3-22) 

was minimized through the use of a SiN passivation layer. It should also be noted that 

the total device dark current scales directly with the area of the pn junction, therefore it 

is critical to limit the area of the junction to where optical detection is required.  

3.1.2 Photodetector Array Fabrication and Packaging 

The imaging array consisted of sixteen annular silicon pn junction photodiodes 

(PDs) arranged in a 4x4 square format. The outer diameter (O.D.) of each PD was 2.5 
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mm and the inner diameter (I.D.) was 0.75 mm (diameter of PD aperture). The center-to-

center spacing of the array pixels was 4.5 mm in the x and y directions. The O.D. and 

I.D. of the PDs were designed to achieve a sensing depth of 0.4 – 2 mm in tissue [74], i.e. 

the photons launched from the PD aperture into the tissue traveled a vertical distance of 

0.4 mm -2 mm (following the path shown in Figure 11), before emerging within the PD 

detection area at the surface of the tissue.  

Fabrication of the custom imaging array began with an n-type epitaxial Si wafer: 

5-7 μm n-Si (epitaxial, P doped, 5-9 Ω-cm) on 600 - 610 μm n-Si (substrate, Sb doped, 

0.025-0.045 Ω-cm). A 150 nm thick SiO2 layer was grown on the substrate using thermal 

oxidation that served as a diffusion mask on the epilayer during pn junction formation. 

The thermal oxide was stripped from the substrate side of the wafer using buffered 

oxide etchant (BOE), and the Sb-doped substrate side of the wafer was coated with a 

phosphorous doped spin-on-glass (Emulsitone Phosphorosilica film 5x1020 cm-3). The 

SOG was annealed at 1050 °C for 20 min. in a N2 ambient to form an n+ back contact 

layer. The spin-on-glass (SOG) was then stripped using BOE and a 2um thick PECVD 

oxide layer was deposited on the substrate side to prevent cross-diffusion of the n+ 

substrate during the p-type anneal to form the pn junction in the epilayer. Next, the 

thermal oxide on the epilayer was patterned using UV photolithography and wet 

etching (BOE) to define the active areas of each PD. A boron doped SOG (Emulsitone 

Borosilicafilm 5x1019 cm-3) was spin coated on the wafer and annealed at 950° C for 15 
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min. in a N2 ambient to form the pn junctions. Since the diffusion coefficient of boron is 

lower in SiO2 compared to Si [68], the patterned oxide layer served as a diffusion mask 

to dope only the active areas of the PDs. The boron doped SOG and the protective 

PECVD oxide were stripped using BOE, and an Al/Pt (1500 Å/750 Å) stack was 

deposited and annealed at 540 °C for 10 min. in a N2 ambient to form a blanket ohmic 

back contact. Top dual-ring aluminum ohmic contacts (2500 Å Al) were patterned using 

negative UV lithography and liftoff in acetone, and annealed at 530 °C for 4 min. in a N2 

ambient. A 0.75 mm diameter, 600 µm deep, through-wafer aperture was patterned in 

each PD using positive UV lithography and etched using deep reactive ion etching 

(Bosch process, SPTS Pegasus). Finally, a 52 nm thick PECVD silicon nitride (SiN) layer 

was deposited on the PDs as an AR coating. The SiN layer also passivated the front 

surface of the PDs, thereby reducing the front surface recombination velocity [69]. The 

fabricated imaging array was wire bonded to a patterned gold coated FR4 board to 

enable PD current readout. Figure 15(a) shows the fabricated PD array pixels. Figure 

15(b) shows the wire-bonded array, with each wire bond potted with UV curable epoxy 

(Epoxies etc. 60-7114RTR41). A process flow for fabricating bulk Si pn-junction PD 

arrays in shown in Figure 16. A detailed description of the process flow is given in 

Appendix A. 
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Figure 15: (a) Photograph of a 4x4 array of bulk Si pn-junction PDs, wire bonded to a 

gold coated FR4 board; (inset) Photomicrograph of a single pixel in the 4x4 array with 

2.5 mm O.D. and 0.75 mm I.D.; (b) Photograph of the 4x4 array bonded to a 

connectorized FR4 board with epoxy potted wire bonds. 
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Figure 16: Process flow for the fabrication of a 4x4 array of bulk Si pn-junction PDs. 
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3.1.3 Photodetector Array Spectral Response and Dark Current 
Characterization 

The photocurrents and dark currents of the PDs in the 4x4 array were measured 

using a source-measurement unit (Keithley SMU-4200). All spectral response and dark 

current measurements were performed at a 0V bias to minimize dark current. The 

typical dark currents of the PDs in the fabricated array were measured to be 65 pA – 200 

pA, resulting in dark current densities of 14.55 pA/mm2 – 44.8 pA/mm2. The dark 

currents of the drilled Hamamatsu PDs (S1227-66BR), utilized in a previous 

demonstration of a commercial PD array-based DRS imaging probe [24], were measured 

to be 120 pA – 350 pA.   

A fiber-coupled broad-band xenon lamp (MAX-302, Asahi Spectra) with 8 

wavelength filters was used as an illumination source to measure the surface normal 

spectral response of the fabricated PDs. The eight wavelengths were 470 nm, 480 nm, 

490 nm, 500 nm, 510 nm, 560 nm, 580 nm, and 600 nm. These wavelengths were 

optimized for breast tumor margin assessment using DRS [70]. The surface normal 

photocurrent was measured for these 8 wavelengths by illuminating each PD with a 

fiber bundle in the surface normal configuration on the PD side that would face the 

tissue during DRS measurements. The power at the output of the illuminating fiber 

bundle was measured using an optical power meter. The photocurrent measured at each 

PD at each wavelength was divided by the power measured at each wavelength to 

calculate the responsivity. Figure 17 shows the average surface normal responsivity for 
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all 16 pixels of the array before and after depositing the SiN AR coating. The average 

responsivity of the fabricated PDs was measured to be 0.27 A/W – 0.37 A/W for λ = 470 

nm – 600 nm, which is comparable to the responsivity of Hamamatsu S1227-66BR PDs 

(0.275 A/W – 0.385 A/W for λ = 470 nm – 600 nm). Figure 17 also shows that the 

measured PD responsivity is in good agreement with the responsivity simulated in 

Silvaco, for an estimated junction depth of 700 nm. 

 

Figure 17: Average measured and simulated responsivity of Si pn-junction PDs. The 

error bars on the measured responsivity represent +/-1σ across the 16 pixels of the 

array.  
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3.2 Diffuse Reflectance Measurements Using Custom Imaging 
Array (with Un-Optimized Light Delivery) 

This section discusses the use of the custom bulk Si 4x4 array to measure diffuse 

reflectance spectra from diffuse reflectance standards, bovine tissue, poultry tissue, and 

human breast tissue.  

 

Figure 18: (a) Schematic for free space illumination of tissue sites using a PD array for 

diffuse reflectance imaging (b) Photograph of a packaged custom PD array coupled to 

a light delivery tube to enable free space illumination of tissue sites. 

The performance of the custom annular 4x4 PD array DRS imaging probe that 

was designed, fabricated, and tested for this thesis was evaluated by measuring the 

diffuse reflectance from a Spectralon 99% diffuse reflectance standard, which also 

enabled a comparison to the previously reported 4x4 PD array of commercial Si PDs 

with drilled holes (Hamamatsu S1227-33BR) discussed in Section 2.1 [24]. The 4x4 

imaging array based upon drilled commercial PDs was composed of sixteen Si PDs 

(Hamamatsu S1227) [24]. The drilled commercial PD active area was 2.4 mm x 2.4 mm 



 

54 

with 1 mm diameter holes in the center, whereas the O.D. and I.D. of the custom PDs 

were 2.5 mm and 0.75 mm (0.75 mm diameter holes), respectively. The center-to-center 

spacing of these PDs was 8 mm, whereas the spacing in the custom array was 4.5 mm, 

enabling higher resolution imaging. A xenon arc lamp (MAX-302, Asahi Spectra) with 

eight wavelength filters (λ = 400 nm, 420 nm, 440 nm, 470 nm, 500 nm, 530 nm, 570 nm, 

600 nm) was used as the source. The illumination/detection scheme shown in Figure 

18(a) was used, and both arrays were placed in contact with the 99% reflective diffuse 

reflectance standard (SRS-99-010, Labsphere, Inc.) to measure diffuse reflectance from 

the specimen. Figure 18(b) shows a picture of the custom annular PD array coupled to a 

hollow light delivery tube1 for free-space back illumination. Photocurrents from the 16 

PDs were measured using an eight-channel SMU (Keithley SMU-4200) along with a 

custom-made switch-box2 that enabled switching between two sets of 8 PDs.  

It should be noted that the center pixels of the array received the least divergent 

rays from the source, and their position with respect to the center of the tube remained 

nearly unchanged between the two arrays.  The corner pixels are the challenging pixels 

for light delivery due to the divergence of the fiber bundle and their distance from the 

center of the tube. In other words, the corner pixels are the worst case for optical 

throughput through the PD apertures, and hence worst case for the DRS signal 

                                                      

1 The un-optimized light delivery tube was made by Dr. Justin Y. Lo, Department of Biomedical 
Engineering, Duke University 
2 Made by Dr. Martin Brooke, Department of Electrical and Computer Engineering, Duke University 
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magnitudes. The S1227 array suffered from low throughput at the four corner pixels due 

to the distance of the corner pixels from the center of the tube and the thickness of the 

apertures (2.1 mm), which prohibited their use for tissue imaging even when the PDs 

were packed as closely as allowed by the PD packaging [24]. Figure 19(a) shows the DRS 

photocurrent measured at the corner pixels using the custom PD array and the S1227 

array, when placed in contact with a 99% diffuse reflectance standard.  

 

Figure 19: Photocurrents measured at the corner pixels of custom array and S1227 

array due to diffuse reflectance from the 99% reflectance standard  

The custom PD array demonstrated a 2 – 4 fold improvement in photocurrent 

over the S1227 array. This improvement was attributed to a higher light throughput 

through the custom PD apertures, even though the custom apertures were smaller than 

the S1227 apertures. The higher throughput resulted from thinner fabricated PDs (3.5x 
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thinner than the S1227 PDs), since divergent rays are more likely to make it through 

thinner PDs, and because the custom array had smaller pixel-to-pixel spacing. It should 

be noted that because the apertures in the custom array were smaller than those in the 

S1227 array, measurements of the throughput and responsivity were also made for a 

second custom array with the same custom spacing (4.5 mm) but with 1 mm diameter 

holes (similar to the S1227 array). A preliminary estimate of the improvement in 

photocurrent (Iph) demonstrated by the custom array with 4.5 mm spacing and 1 mm 

holes over the S1227 array, when tested with the reflectance standard, was calculated 

using the following equation:  

x>yz
x>yL

�  o{1M|t{E|%B}~|4n 1#c5#4% � %�}'#�EM2� � %� B
o{1M|t{E|%v}~|4n 1#c5#4% � %�}'#�EM2� � %�v       (3-23) 

Where Iph1 and Iph2 are the photocurrents measured by the custom PD array and the S1227 

array, respectively. Throughput1/Throughput2 corresponds to the ratio of the power 

measured through the holes of the custom PD array and the S1227 array, respectively. 

Puck reflectivity was constant (99%) for both arrays across the measured wavelength 

range. Resposivity1/Responsivity2 was the ratio of the measured surface normal 

responsivities of the corner pixels in the custom PD array and the S1227 array, 

respectively. It was estimated that a 4.5mm spacing/1mm hole diameter array would 

lead to a 4x - 5.3x signal magnitude improvement for the corner pixels over the S1227 

array, as shown in Figure 20. It should be noted that this calculation took into account 
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the factor of 1.08 reduction in detection area for the PDs with 1 mm holes compared to 

the PDs with 0.75 mm holes.  

 

Figure 20: Theoretical improvement in photocurrent, comparing custom arrays with 

0.75 mm aperture and 1 mm aperture to S1227 array, for corner pixels in breast cancer 

imaging array [75]. 

While utilizing 1 mm apertures leads to higher DRS signal levels, it was 

estimated that a larger hole diameter would lead to higher pixel-to-pixel optical 

crosstalk, which in turn may reduce optical contrast in tissue. Preliminary simulation 

results3 comparing pixel-to-pixel optical crosstalk between the two arrays are shown in 

Table 1. A higher crosstalk is simulated for the array with 1 mm holes, and crosstalk is 

higher if a reflective tube is used for light delivery, compared to a tube that does not 

                                                      

3 Simulations performed in collaboration with Dr. Gregory M. Palmer, Department of Radiation Oncology, 
Duke University.  
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utilize any reflections from the source fiber bundle off of the walls of the light delivery 

tube (a tube with absorbing walls). 

Table 1: Simulated pixel-to-pixel optical crosstalk for PD array with 4.5 mm pixel 

spacing, and 0.75 mm and 1mm aperture diameters, for absorbing and reflective tube 

based light delivery (λ = 470 nm – 600 nm) 

4.5 mm Pixel Spacing Absorbing Tube Reflective Tube 

0.75 mm hole 7% - 13% 8% - 15% 

1 mm hole 8% - 15% 9% - 16% 

 

Section 3.3 and Section 3.4.2 go into further detail about crosstalk simulations 

and comparison of crosstalk for different light delivery tubes. Since the 4.5 mm 

spacing/0.75 mm aperture diameter array had a lower simulated crosstalk, all the 

remaining experiments for this thesis were conducted for this array, except where 

explicitly mentioned.  

Next, the custom imaging array was used to measure diffuse reflectance from 

lower reflectivity diffuse reflectance standards (2%), bovine tissue, poultry tissue, and 

human breast tissue. The measurement set-up was identical to the one described earlier 

in this section, as shown in Figure 18(a). Data from DRS photocurrent measurements 

made on a Spectralon 99% reflectance standard (SRS-99-010, Labsphere, Inc.) and a 

Spectralon 2% reflectance standard (SRS-02-010, Labsphere, Inc.) using the custom PD 

array are shown in Figure 21 for the center pixels and corner pixels. Thirty repeated 
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measurements were taken at each wavelength for each pixel, and the data shown are 

averaged over these 30 measurements. As expected, the photocurrent for the 2% 

reflectance standard is lower by nearly two orders of magnitude compared to the 99% 

reflectance standard.  

Photocurrents generated due to backside source illumination incident on the 

inner edge of the etched apertures were also measured to estimate the magnitude of this 

“leakage” current in the absence of a diffuse reflectance signal (i.e. no sample was placed 

in front of the back illuminated array). Typical leakage currents for the custom PD array 

pixels were less than 2.5 nA for λ=400 nm – 600 nm. This raw data has not been 

normalized to the Xenon lamp output spectrum. 

 

Figure 21: Measured diffuse reflectance photocurrent signal from a 99% and a 2% 

reflectance standard for (a) four center pixels of the custom PD array; (b) four corner 

pixels of the custom PD array. The error bars on all photocurrent measurements are +/-

1σ. [76] 
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Next, DRS photocurrent signals were measured from bovine muscle tissue and 

poultry tissue using the custom PD array. The tissue specimens were individually 

wrapped in a thin sheet of polyethylene to protect the custom PD array pixels from 

staining. Each specimen was placed in contact with the PD array surface and the diffuse 

reflectance signal was measured 30 times per pixel per wavelength using the test set-up 

described earlier in this section, as shown in Figure 18(a). Figure 22(a) shows the corner 

and center pixel photocurrents for the bovine tissue specimen. Shown also in this figure 

are the “leakage” currents measured at each pixel at each wavelength due to back 

illumination of the inside edges of the PD apertures. It was noted that this leakage 

current was lower than the signal photocurrent for all pixels at all wavelengths. Figure 

22(b) shows the corner and center pixel photocurrents for the poultry tissue specimen. 

This is raw data that has not been normalized to the lamp output spectrum.  
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Figure 22: (a) Diffuse reflectance signal (solid lines) from bovine muscle tissue. 

Dashed lines indicate “leakage” signal in the absence of DRS. (b) Diffuse reflectance 

signal from poultry tissue. The error bars on all photocurrent measurements are +/-1σ. 

[76] 

The diffuse reflectance signal measured from bovine muscle tissue was lower 

than the DRS signal measured from poultry tissue. This is expected because the bovine 

muscle tissue had higher blood content, and hence was more absorbing due to higher 

hemoglobin absorption for λ = 400 nm – 600 nm [77, 78].  

The DRS signal from the poultry tissue was normalized with the DRS signal 

measured from the 99% diffuse reflectance standard to take into account the lamp 

output spectrum and to extract reflectance contrast image maps of the poultry tissue. 

Reflectance contrast maps were not extracted for the bovine muscle tissue due to the 

homogeneous nature of the tissue and the lack of features. The ratio of photocurrents 

measured from the animal tissue and the 99% reflectance standard can be expressed as: 
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                             (3-24) 

where T is the optical throughput through the PD apertures, r is the PD responsivity and 

R is the reflectance of the tissue or the reflectance standard. The optical throughput 

through the PD apertures and the responsivity of the PDs are the same irrespective of 

the sample being measured. It should be noted that the reflectance of the 99% standard 

is not a function of wavelength for λ = 400 nm – 600 nm [79], and that measurements on 

the reflectance standard and poultry tissue were made on the same day in succession. 

Thus, the reflectance of animal tissue as a function of wavelength can be expressed as: 

;% ��|#��
 � ;��% �%�20�10 }  xE{�d���� �=

xE{��% ��mA�m���=
 .             (3-25) 

Figure 23(a) shows a photograph of the poultry sample and Figure 23(b) shows a 

reflectance contrast image map of the poultry tissue for six different wavelengths. 

Higher normalized diffuse reflectance photocurrents (white) indicated higher reflectance 

from the tissue, whereas lower normalized photocurrents (red) indicated lower 

reflectance and higher absorbance. The calculated reflectance contrast between the pixels 

correlated well with the fat/muscle contrast present in the tissue photograph. The 

contrast map correlates directly with the tissue photograph because the contrast map as 

presented is a mirror image of the array (note that the tissue is in contact with the array 

facing the tissue facing down, as shown in Figure 18(a)). It should be noted that the 

second pixel shown in the first row was a low responsivity pixel (1 mA/W – 3 mA/W for 

λ = 400 nm – 600 nm), and thus is an outlier. 
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Figure 23: (a) Photograph of a section of poultry tissue that was imaged using the 

custom annular PD array (in the outlined box)4; (b) Reflectance contrast map 

calculated for poultry tissue. [76] 

The SNR of the system was calculated for each of the measured specimens. 

Understanding the source of system noise is critical to improve the system SNR. Sources 

of noise in this system include fluctuations in the xenon lamp and SMU noise.  The 

Asahi MAX-302 Xenon lamp fluctuates by as much as 1% as a function of time [80]. 

Since lamp fluctuation is a constant fraction of the lamp output power, the magnitude of 

lamp noise contribution is lower for low signal levels (~10 nA), and is comparable to the 

noise from the SMU. However, at higher photocurrents (1-5 µA), the lamp dominates the 

noise. For example, for a measured photocurrent of 5 µA, the lamp noise is on the order 

of 25 nA (assuming 0.5% lamp noise over measurement time), and the SMU noise is 3.1 

nA [81]. In this case, the lamp noise to SMU noise ratio is greater than 7, indicating that 

                                                      

4 This measurement was made in collaboration with Dr. Justin Y. Lo, Department of Biomedical 
Engineering, Duke University. 
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high signal measurements are lamp noise limited. More stable optical sources, such as 

light emitting diodes or lasers, have the potential to further improve the noise of the 

system.  

The SNR of the system has been calculated by taking the ratio of the 

photocurrent (Iph) to the standard deviation (σ) of the 30 photocurrent readings, using 

the equation: 

Zq; � 20 logB�
x>y

�             (3-26) 

The SNRs of the center pixels for this system were typically above 46 dB for both the 

99% and 2% reflective pucks, and for the corner pixels, were typically above 46 dB for 

the 99% reflectance standard and 36-46 dB for the 2% reflectance standard. The lower 

SNR for the lowest photocurrent readings (corner pixels, 2% reflectance standard) may 

indicate a more significant SMU contribution to the noise, i.e. the SNR may not be lamp 

noise limited at these low current levels. The calculated SNRs of the center and corner 

pixels for the poultry tissue samples were greater than 43 dB for all wavelengths, with 

one outlier for a corner pixel at 420 nm (33 dB).  The bovine tissue exhibited high 

absorption, particularly in the wavelength range 400-440 nm, which is consistent with 

absorption by hemoglobin in blood [77, 78].  Above this wavelength range, the SNRs 

were above 41 dB for center and corner pixels. 

 Finally, diffuse reflectance from excised human breast tumor tissue was 

measured using the custom PD array to evaluate the SNR for breast tissue. Figure 24 
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shows a photograph of the custom PD DRS imaging probe in direct contact with an 

excised human breast tumor sample. Figure 25(a) shows the diffuse reflectance signal 

levels measured at the corner and center pixels of the custom PD array, and Figure 25(b) 

shows the calculated SNR for the corner and center pixels using Equation (3-26). SNRs 

greater than 30 dB were measured for all pixels (center, corner, side), except for the 

outlier low responsivity pixel.  

 

Figure 24: Photograph of the custom PD array based DRS imaging probe in direct 

contact with excised human breast tissue. A photograph of the excised tissue sample 

is also shown. 5 

It should be noted that the eight wavelengths of light used in these 

measurements and the dimensions of the light delivery tube were not optimized for DRS 

or optimal SNR. These measurements were made only to compare the performance 

(DRS signal levels) of the custom imaging array to that of the commercial PD array and 
                                                      

5 The hollow light delivery tube was developed by Dr. Justin Y. Lo, Department of Biomedical Engineering, 
Duke University. Photo courtesy of Dr. Justin Y. Lo. 
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to get an estimate of the SNR achieved with the custom imaging array on a variety of 

diffuse reflectance standards, animal tissue, and human breast tissue.  

 

Figure 25: (a) Diffuse reflectance signal current measured using the custom annular 

PD array on an excised breast tumor sample; (b) SNR measured at the corner and 

center pixels of the custom PD array on an excised breast tumor sample. 

3.3 Light Delivery Optimization 

In this section, optimization of light delivery will be discussed. Two light 

delivery options were explored for delivering light through the PD apertures to the 

tissue specimen that was placed in direct contact with the imaging probe. The first 

option utilized a metalized (reflective) quartz tube and the second option utilized a 

quartz tube coated with absorbing black paint. The optical throughput achieved with 

each option, and the trade-offs involved with each option, will be discussed in this 

section. The optimized free-space light delivery scheme was explored as an alternative 

to individual fiber-based light delivery to each PD aperture for each tissue site, which 
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becomes increasingly unwieldy as pixel resolution decreases, imaging area increases, 

and the number of pixels increases. 

 The reflective light delivery tube achieved an increase in power traveling 

through the PD apertures compared to the un-optimized hollow light delivery tube 

described in Section 3.2 (shown in Figure 18(a) and Figure 24), which did not utilize any 

reflections of the divergent rays originating at the source fiber bundle, and did not 

optimize the output beam from the fiber bundle onto the PD array. The length and 

diameter of the reflective light delivery tube were optimized, thereby exploiting the 

reflections of the divergent rays from the source fiber bundle, to increase the power 

traveling through the PD apertures to the specimen under study.  

The length and diameter of a metalized quartz tube were optimized using a 

commercial ray-tracing software, ZEMAX®. Figure 26(a) shows the simulation geometry 

used. A 5.2 mm diameter, 0.57 NA fiber bundle was modeled as the source, with 10 

million source rays. The distribution of power across the 5.2 mm diameter fiber bundle 

was modeled as specified in the literature provided by the vendor [80].  The quartz tube 

was modeled to be 95.64% reflective (n = 0.129, k = -3.25), resulting in less than 1.75% 

error in modeling reflectivity of an Ag film across λ = 470 nm – 600 nm [82, 83].  The 

diameter of the fabricated array was 22.6 mm, so a 27 mm I.D/30 mm O.D. quartz tube 

was chosen, in order to accommodate the array in the center of the tube for illumination. 

A tube diameter larger than 30 mm O.D. would increase the length of the tube required 
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to utilize reflections from the metalized walls of the tube without any improvement in 

light throughput. A tube diameter of 27 mm I.D/30 mm O.D could limit the size of the 

probe, without degrading light throughput. Figure 26(b) demonstrates that power 

throughput is optimized for the corner pixels (the most challenging pixels for free-space 

light delivery) at a tube length of 70 mm. A tube length of 70 mm also enables uniform 

illumination across center and corner pixels.  

The quartz tube was coated with Ag (2500 Å)/Au (2500 Å) using e-beam 

evaporation. Ag was chosen due to its higher reflectivity for λ=470 nm – 600 nm  (the 

optimal wavelength range for breast tumor margin assessment), compared to aluminum 

and gold [82, 83]. The tube was coated with acrylic to protect the metalized layer, and 

the Au layer served as a barrier between the acrylic layer and the Ag layer, to protect Ag 

from corrosion. Figure 27(a) shows the optical power measured through the PD holes 

using the optimized reflective quartz tube. The measured center-to-corner pixel 

uniformity is within 5% of the value predicted by ZEMAX®. Corner pixel power 

throughput using the un-optimized hollow tube was 10 µW – 20 µW for λ = 470 nm – 

600 nm, whereas the corner pixel power was 20 µW – 30 µW with the optimized tube in 

the same wavelength range.  
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Figure 26: (a) ZEMAX screenshot of the simulated geometry for light delivery tube 

optimization. (b) Predicted corner and center pixel power throughput for λ=470 nm 

and λ=600 nm as a function of tube length, for a fixed tube diameter of 27 mm I.D/30 

mm O.D. 

To achieve improvement in optical throughput and uniformity of the 

illumination across corner and center pixels, the reflective light delivery tube utilized 

single reflections of rays from the source fiber bundle off of the reflective walls of the 

tube. This resulted in a distinct far-field pattern of the rays emerging through the PD 

holes, shown in Figure 27(b). Rays emerging from the PD holes are composed of rays 

directly from the source, and rays that have undergone reflection off of the tube wall, 

leading to two different beam spots. The ray angles emerging from PD holes have 

implications for pixel-to-pixel optical crosstalk, which is discussed in the next section.  
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Figure 27: (a) Average measured power throughput for center pixels, corner pixels and 

side pixels. Error bars are +/- 1σ, and the spectral content is that of the source; (b) 

ZEMAX generated far-field view of illuminated PD array holes at a distance of 2 mm 

from PD array plane in air (n=1). 

In order to examine the effect of reflected ray angles on crosstalk, a quartz tube 

with dimensions identical to the reflective tube was coated with absorbing black paint 

on the inside surface of the tube. Simulations in ZEMAX® indicated that an absorbing 

tube length of 70 mm would provide the most uniform power distribution across the 

array, without degrading the corner pixel throughput, as shown in Figure 28(a). While 

power through the PD holes is lower in the absorbing tube by 30% (shown in Figure 

28(b)) compared to the reflective tube, the angular distribution of rays emerging from 

the PD holes is smaller for the absorbing tube compared to the reflective tube due to the 

absence of reflected rays in the absorbing tube (shown in Figure 28(c)), thus reducing the 

crosstalk.  
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Figure 28:  (a) Simulated corner and center pixel power throughput for λ=470 nm and 

λ=600 nm as a function of tube length, for a fixed tube diameter of 27 mm I.D/30 mm 

O.D.; (b) ZEMAX generated far-field view of illuminated PD array holes at a distance 

of 2 mm from PD array plane in air (n=1); (c) Average measured power throughput for 

center pixels, corner pixels and side pixels. Error bars are +/- 1σ, and the spectral 

content is that of the source. 

3.4 Imaging Array Cross-talk Characterization 

Tissue-level optical crosstalk is the diffuse reflectance signal generated in a PD 

due to tissue illumination through the holes of surrounding PDs. Light emerging from 
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one hole may be scattered within the tissue and detected at a neighboring PD. It is 

important to understand the trade-off between imaging resolution (pixel to pixel 

spacing) and crosstalk; higher resolution results in higher crosstalk for this system 

design.  The imaging array described in this thesis has a pixel spacing of 4.5 mm, which 

is the lowest pixel spacing reported to date for a multipixel DRS imaging probe [3, 20, 

24]. In previously reported DRS systems, the center-to-center pixel spacing was greater 

than 7 mm, and the crosstalk comprised less than 10% of the measured diffuse 

reflectance signal at each pixel [3, 20]. The inverse Monte-Carlo model for tumor margin 

assessment assumes that the light detected at a pixel had entered the tissue through its 

own hole. Therefore, tissue level optical crosstalk has implications for imaging contrast 

in tissue, and must be assessed. 

Another factor that may influence crosstalk is the angular distribution of rays 

emerging at each pixel hole. Rays emerging from PD holes after reflection are more 

likely to result in crosstalk, and therefore, it is important to compare the crosstalk of the 

reflective tube light delivery scheme with an identical absorbing tube, as discussed in 

the previous section. To assess the tissue-level optical cross-talk in the custom PD array 

DRS imaging probe, the optical crosstalk was simulated and measured on two different 

breast tissue mimicking phantoms. The prepared phantoms contained a mixture of 

methemoglobin (absorber) and polystyrene spheres (scatterers) dissolved in deionized 

water. The phantoms were prepared with known optical properties similar to normal 
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and malignant breast tissue specimens.6 The normal tissue phantom optical properties 

(average absorption coefficient μa=0.56 cm-1 and reduced scattering coefficient μs’=11.9 

cm-1) are characterized by lower absorption and higher scattering from glands and 

collagen. The malignant tissue phantom has average optical properties μa=5.42 cm-1 and 

μs’=3.43 cm-1, characterized by much higher absorption resulting from the hemoglobin 

present due to angiogenesis.  Since the goal of this crosstalk study was to study the effect 

of tissue level optical crosstalk, the worst-case and best-case scenarios for optical 

crosstalk in clinically relevant tissue were simulated based on previously measured 

breast tissue data [72]. The wavelength-dependent optical properties of the tissue 

simulating phantoms are listed in Table 2. 

Table 2: Optical Properties of Tissue Phantoms 

 
Normal breast 

tissue [72]  
Malignant breast 

tissue [72] 

Wavelength 
(nm) µa(cm-1) µs’(cm-1)  µa(cm-1) µs’(cm-1) 

470 0.6646 11.1447  6.5732 3.1904 

480 0.6465 10.9422  6.3943 3.1324 

490 0.6603 10.8254  6.5300 3.0990 

500 0.6644 10.7530  6.5708 3.0783 

510 0.6307 10.6877  6.2380 3.0596 

560 0.4254 10.0198  4.2068 2.8684 

580 0.4207 9.7991  4.1611 2.8052 

600 0.3013 9.6849  2.9800 2.7725 

                                                      

6 Phantoms were prepared, and optical properties of normal and malignant tissue were identified, by Dr. 
Justin Y. Lo, Department of Biomedical Engineering, Duke University 
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3.4.1 Crosstalk Modeling7 

Tissue-level optical crosstalk was simulated for the fabricated custom PD arrays 

using a scalable forward Monte Carlo model, as described in [19] and in Section 2.1. Ray 

angles emerging through each hole in the array were first simulated in ZEMAX for each 

illumination geometry used (reflective and absorbing tube). Next, the measured optical 

power through each hole of the array was used to scale the relative intensity of each hole 

in the array. The ray angles and the relative hole intensities were used in a set of 16 

different baseline simulations, corresponding to each hole in the array. Semi-infinite 

boundary conditions were used, with a 52 nm thick layer SiN anti-reflection coating 

over the silicon, whose reflectivity was calculated using the method described in [84]. 

All simulations were performed using the optical properties of SiN calculated for λ=500 

nm [85]. The self-illuminated signal was estimated by calculating the collected fraction 

hitting each detector when its own hole was illuminated. The signal due to the 

neighboring pixel illumination was calculated by summing the contribution from the 

remaining 15 holes.  

      Figure 29(a) shows the simulated optical crosstalk for a center pixel of the 

imaging array using a reflective illumination tube, and Figure 29(b) shows the simulated 

optical crosstalk for a center pixel using the absorbing tube.  

                                                      

7 Cross-talk modeling was performed collaboratively with Dr. Gregory M. Palmer, Department of Radiation 
Oncology, Duke University.  
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Figure 29: Contour lines of simulated crosstalk as a function of tissue optical 

properties for the custom PD array with 4.5 mm resolution, 2.5 mm O.D., and 0.75 mm 

I.D. for (a) reflective tube illumination; (b) absorbing tube illumination. 

The contour lines in Figure 29 represent log10(crosstalk), where crosstalk is defined as the 

percentage of the total signal generated at a pixel due to illumination from a neighboring 

pixel. The red and green data points represent the optical properties of malignant and 

normal tissue mimicking phantoms (listed in Table 2), respectively, at the eight 

wavelengths of interest.  Table 2 and Figure 5 show that optical crosstalk increases from 

470 nm to 600 nm, because absorption decreases with increasing wavelength, and thus 

photons at longer wavelengths can scatter further in the tissue.  Overall, higher crosstalk 

is expected in normal tissue because absorption is lower than in malignant tissue.        

3.4.2 Crosstalk Measurements and Discussion of Results 

The crosstalk in the system was experimentally characterized by measuring the 

diffuse reflectance from the two tissue phantoms listed in Table 2. Figure 30(a) shows a 
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schematic of the system used for diffuse reflectance measurement on tissue phantoms. 

This system was a modified version of the system used in Section 3.2. The system 

consisted of a xenon arc lamp (MAX-302, Asahi Spectra) with eight discrete wavelength 

filters as the illumination source (λ = 470 nm, 480 nm, 490 nm, 500 nm, 510 nm, 560 nm, 

580 nm, 600 nm). Each filter had a 10 nm FWHM bandpass. A custom eight-channel 

integrating transimpedance amplifier (ITIA) circuit8 was used for photodiode readout, 

and a custom switch box connected to the eight channel ITIA circuit enabled per-pixel 

amplification and readout of all sixteen pixels in the array. Each system component was 

controlled by a LabVIEW program running on a laptop computer.9 A photograph of the 

entire system is shown in Figure 30(b). 

                                                      

8 Designed and developed by Dr. Martin Brooke, Department of Electrical and Computer Engineering, Duke 
University 
9 LabVIEW program developed by Brandon Nichols, Department of Biomedical Engineering, Duke 
University 
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Figure 30: (a) Schematic of DRS imaging system using custom PD array; (b) 

Photograph of the customized DRS imaging system; (c) Photograph of the customized 

DRS imaging probe that enables optical addressing of individual tissue sites using a 

quartz light delivery tube and annular Si PDs. 

Similar to the experiments described in Section 3.2, spectral information was 

collected by making successive diffuse reflectance measurements with each of the eight 

wavelength filters. Light from the xenon lamp passed through one filter at a time, and 

exited the lamp through a fiber bundle (5.2 mm diameter, 0.57 NA) connected to one 

end of the light delivery tube. The custom PD array was mounted on the distal end of 

the tube, as shown in Figure 30(c). Light traveled from the fiber bundle, through free 
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space in the quartz tube, through the PD apertures, and onto the specimen under study, 

which was placed in direct contact with the PD array. Diffusely reflected light from the 

specimen was incident upon the detection area of the annular PDs, and was read as 

photocurrent from each PD by the readout ITIA circuit. 

Crosstalk was measured on the two phantoms listed in Table 2 by using beam 

blocking material to block illumination for all pixels except the pixel under 

consideration, i.e., only one pixel aperture was illuminated, while photocurrent from all 

pixels was measured. This provided a measure of the diffuse reflectance signal at the 

illuminated pixel in the absence of photons from any neighboring pixels. A second 

measurement was made by illuminating all pixels simultaneously, while keeping the 

rest of the optical set-up unchanged. The two successive measurements were used to 

calculate the crosstalk for the pixel under consideration (center pixel, edge pixel, or 

corner pixel) using the following equation: 

!����\[�� �%
 �  x>y��55 E $#5�  55|3 2�%#0
.x>y�� 2t5# E $#5  55|3 2�%#0

x>y��55 E $#5�  55|3 2�%#0
 � 100  (3-27) 

where, Iph is the measured PD photocurrent. 

Figure 31(a) and Figure 31(b) show the worst case scenarios for crosstalk in the 

custom PD array with 4.5 mm spacing: the center and side pixels with a highly reflecting 

tube (i.e. the most nonparaxial reflected rays) on a normal, low absorption tissue 

phantom. Also shown in Figure 31(a) and Figure 31(b) is the measured crosstalk for the 

center and side pixels of the array on a normal tissue phantom using the absorbing tube 
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for illumination. Lower crosstalk was measured using the absorbing tube compared to 

the reflective tube on the 4.5 mm spacing array. Crosstalk was also measured on a 

custom PD array with 3 mm center-to-center pixel spacing and a 1 mm illumination hole 

(PD dimensions: 2.5 mm O.D., 1 mm I.D.), in addition to the 4.5 mm center-to-center 

pixel spacing and 0.75 mm illumination hole (PD dimensions: 2.5 mm O.D., 0.75 mm 

I.D.). At the start of this study, four arrays were fabricated with combinations of two 

different pixel spacings (4.5 mm/ 3 mm) and two different hole sizes (0.75 mm/ 1 mm). 

These measurements were performed to estimate the highest and lowest crosstalk 

bounds for these pixel spacing and hole size combinations with reflective and absorbing 

tubes for light delivery. Figure 32 shows the crosstalk measured at the center pixel of the 

3 mm spacing/ 1mm hole array in normal tissue phantom with the reflective and 

absorbing tube. Crosstalk in the 3 mm spacing array was approximately 20% higher than 

in the 4.5 mm spacing array. In the case of the 3 mm spacing array, lower crosstalk was 

measured using the absorbing tube compared to the reflective tube. Overall, the lowest 

crosstalk was also measured for the 4.5 mm spacing array with the absorbing tube.    

A comparison of the theoretically predicted crosstalk and experimentally 

measured crosstalk is shown for the center and side pixels for the absorbing tube in 

Figure 33(a) and Figure 33(b). Two full data sets were measured for the center pixel of 

the 4.5 mm spacing array, which varied by 6%-7% in magnitude, but followed the same 

trend (i.e. higher cross talk with reflective tube compared to the absorbing tube, 
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increasing cross talk at longer wavelengths). The data set with best theoretical 

agreement is shown in Figure 33. The agreement between the theoretical and measured 

crosstalk validates the model, and offers the potential for this model to be used in the 

future to predict crosstalk for imagers with different pixel configurations.  

 

Figure 31: (a) Crosstalk measured on a normal tissue mimicking phantom for a center 

pixel of a custom PD array with 4.5 mm spacing using the reflective and absorbing 

tube for light delivery; (b) Crosstalk measured on a normal tissue mimicking 

phantom for a side pixel of a custom PD array with 4.5 mm spacing using the 

reflective and absorbing tube for light delivery. 
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Figure 32: Crosstalk measured on a normal tissue mimicking phantom for the center 

pixel of a custom PD array with 3 mm spacing and 1 mm holes using the reflective 

and absorbing tube for free space light delivery. 

 

Figure 33: (a) Measured and simulated crosstalk on a normal tissue mimicking 

phantom for a center pixel of a custom PD array with 4.5 mm spacing using an 

absorbing tube for light delivery; (b) Measured and simulated crosstalk on a normal 

tissue mimicking phantom for a side pixel of a custom PD array with 4.5 mm spacing 

using an absorbing tube for light delivery.  
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Optical cross talk has implications for measuring optical contrast in tissue, which is 

critical for discerning malignant tissue from healthy tissue. While the absorbing tube 

results in lower optical throughput through PD holes, it offers superior optical crosstalk 

compared to the reflective tube.  In the next section it will be demonstrated that in spite 

of lower optical throughput, a high SNR is achieved using the absorbing tube by using 

longer ITIA integration times, which makes the absorbing tube light delivery scheme a 

more favorable scheme for use with the 4.5 mm spacing imaging array for clinical testing 

on human breast tissue. 

3.5 SNR Measurement and Testing on Phantoms, Animal Tissue, 
and Clinical Testing on Human Breast Tissue Using An 
Optimized Custom Imaging Array and Light Delivery 

In the previous section, the minimum optical crosstalk was measured for the 4.5 

mm spacing/0.75 mm diameter holes PD array using the absorbing light delivery tube. 

Since the absorbing tube results in 30% lower optical throughput, SNR measurements 

were performed on the tissue mimicking phantoms listed in Table 2, using the 4.5 mm 

spacing array and reflective and absorbing tubes, to ensure that the system SNR was not 

degraded due to a reduction in power throughput. The system SNR was calculated 

using Equation 3-26, where Iph and σ were calculated using the mean and standard 

deviation of 30 repeated measures of diffuse reflectance signal photocurrent at each 

wavelength for each pixel when the imaging array was placed in contact with the tissue 

phantom. Unfortunately, in the course of the imaging array characterization, two pixels 
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in the imaging array became unresponsive due to disconnected wirebonds. Figure 34(a) 

and Figure 34(b) show the average SNR for 13 out of 16 pixels in the imaging array 

(excluding the two unresponsive pixels, and one pixel with low responsivity), measured 

for normal tissue tested with the reflective tube (high signal configuration), and for 

malignant tissue tested with the absorbing tube (low signal configuration). Higher SNR 

was achieved for the malignant tissue phantom measured using the absorbing light 

delivery tube in spite of lower signal levels compared to the normal tissue phantom (less 

absorbing) measured using the reflective light delivery tube (higher throughput). This 

higher SNR was most likely due to noise reduction by the ITIA circuit due to using a 10 

times longer integration time (100 ms) to amplify the lower signal levels.  

 

Figure 34: (a) SNR measured using custom PD array with reflective light delivery tube 

on a normal tissue phantom. ITIA integration time used for this measurement was 10 

ms. (b) SNR measured using custom PD array with absorbing light delivery tube on a 

malignant tissue phantom. ITIA integration time used for this measurement was 100 

ms. Error bars are +/-1σ.  
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 Further characterization of the optimized custom DRS probe (4.5 mm spacing 

array and absorbing tube light delivery) was performed by extracting optical properties 

(absorption and scattering) of tissue mimicking phantoms using the diffuse reflectance 

spectra detected by the custom imaging array. The optical property extraction using the 

detected DRS spectra and the inverse Monte Carlo model was performed by Dr. Justin 

Y. Lo in Dr. Nimmi Ramanujam’s laboratory. DRS signals were measured using the 

experimental set-up shown in Figure 30(a). The custom DRS imaging probe was placed 

directly in contact with liquid phantoms composed of methemoglobin (absorbers), 

polystyrene spheres (scatterers), and deionized water. It was determined that optical 

properties of the tissue mimicking phantoms could be extracted with <20% error using a 

10 ms ITIA integration time, and <10% error using a 100 ms ITIA integration time for 

wavelength averaged optical properties ranging from ua = 2 cm-1 and us’ = 7.1 cm-1 to ua = 

5.8 cm-1 and us’ = 2.9 cm-1, which lie in the 25th-75th percentile of average optical 

properties observed in breast tissue [86]. Figure 35 shows that the DRS signals measured 

using the custom DRS imaging probe can be used with an inverse Monte Carlo model to 

accurately extract the optical properties of the tissue mimicking phantoms.  

Lower absorption and higher scattering in phantoms lead to higher DRS signal 

levels, driving the need to use a shorter integration time (10 ms) to avoid saturation of 

the TIA in the read-out circuit. However, a shorter integration time leads to lower SNR 

and larger errors in extraction of optical properties, as observed in Figure 34 and Figure 
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35, respectively. Therefore, it is critical to use the longest integration time possible, for a 

given set of optical properties that does not saturate the read-out amplifier circuit. 

 

Figure 35: (a) Extraction accuracy of average absorption coefficient for each pixel of 

the custom DRS imaging array; (b) Extraction accuracy of the average reduced 

scattering coefficient for each pixel of the custom DRS imaging array.10 

Next, the optimized custom DRS imaging probe was used to image and extract 

the optical properties of porcine muscle tissue.11 The experimental set-up shown in 

Figure 30(a) was used to measure DRS signals from two porcine tissue samples shown 

in Figure 36(a). It should be noted that for imaging the porcine tissue, the imaging probe 

was manually held in contact with the tissue sample for the duration of the 

measurement. This led to a lower SNR (shown in Figure 37) due to the vibrations that 

exist during the course of the measurement due to the hand-held probe, increasing the 

                                                      

10 Optical property extraction using measured DRS signals was performed by Dr. Justin Y. Lo, Department 
of Biomedical Engineering, Duke University. 
11 Data analysis using measured DRS signals was performed using an inverse Monte Carlo model by Dr. 
Justin Y. Lo, Department of Biomedical Engineering, Duke University. 
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standard deviation σ which is used to calculate SNR using Equation (3-26). This 

drawback was addressed through the use of an automated imaging platform12 discussed 

later in this section. Figure 36(b) and Figure 36(c) show the extracted optical properties 

(total hemoglobin i.e. absorption, and reduced scattering coefficient) from the two 

porcine tissue samples measured. It was observed that the extracted absorption and 

scattering properties correlated well with the presence of blood (hemoglobin absorption) 

and fat (scatterer) in the tissue, respectively. 

                                                      

12 Developed by Brandon Nichols, Department of Biomedical Engineering, Duke University. 



 

87 

 

Figure 36: (a) Photographs of the two imaged porcine tissue samples; (b) Extracted 

total hemoglobin content (measure of absorption) from the two tissue samples; (c) 

Extracted average reduced scattering coefficient; It should be noted that four 

placements of the imaging probe were required to cover the area (4x256mm2) of each 

tissue sample. 13 

Average SNRs of greater than 30 dB was measured for the porcine tissue samples 

(shown in Figure 37). 

                                                      

13 Optical property extraction and image generation performed by Dr. Justin Y. Lo, Department of 
Biomedical Engineering, Duke University 
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Figure 37: Average SNR measured on two porcine tissue samples using 25 ms 

integration time. The error bars are +/-σ for an average across 16 pixels in the array. 

Finally, the custom DRS probe developed in this thesis was used to measure 

diffuse reflectance spectra from human breast tissue samples (a lumpectomy not 

containing any tumor) as shown in the photograph in Figure 38. Average SNRs of 

greater than 30 dB were measured at all eight wavelengths of interrogation on excised 

normal breast tissue for a 50 ms ITIA integration time, and are shown in Figure 39. As 

mentioned earlier in this section, this measurement was made by manually placing the 

imaging probe in contact with the breast tissue sample during the course of the 

measurement. The vibrations due to manual positioning of the probe can degrade the 

SNR. Figure 40(a) shows an automated imaging platform developed14 to place the 

imaging probe in contact with the tissue samples. Figure 40(b) shows the SNR measured 

                                                      

14 Developed by Brandon Nichols, Department of Biomedical Engineering, Duke University. 
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by placing the imaging probe in contact with excised breast tissue using the imaging 

platform. A distinct improvement in SNR is observed through the use of the imaging 

platform, and average SNRs of greater than 40 dB were measured for λ = 470 nm – 600 

nm.  

 

Figure 38: Photograph of a DRS imaging probe using a custom PD array (4.5 mm 

resolution) and an absorbing tube for free-space light delivery, in direct contact with a 

normal human breast tissue specimen. 

 

Figure 39: Average SNR measured on two different excised human breast tissue 

samples. The measured samples did not have any known presence of tumor. 50 ms 

integration time was used. The error bars shown are +/-σ for an average across 16 

pixels in the PD array. 
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Figure 40: (a) Automated DRS imaging platform for holding the optimized custom 

DRS imaging probe developed in this thesis15 (b) Average SNR measured on excised 

human breast tissue using automated imaging platform. The excised breast tissue did 

not contain any known tumor and a 50 ms TIA integration time was used for the 

measurement. The error bars are +/-σ for an average across all pixels in the array. 

To summarize, Table 3 shows a comparison of the 8-channel bench top clinical 

system described in Chapter 1 (shown in Figure 1), and the custom DRS probe described 

in this chapter.  

                                                      

15 Imaging platform designed and developed by Brandon Nichols, Department of Biomedical Engineering, 
Duke University 
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Table 3: Comparison of 8-channel bench top clinical DRS imaging system [3] and 16-

channel customized DRS imaging system using a 600 µµµµm thick bulk Si annular PD 

imaging array and an absorbing tube for free space light delivery 

System # of Wavelengths Size Imaging 
Area 

Imaging 
Resolution 

SNR (on Spectralon 
standard) 

8-channel 
Clinical 
System 

[3] 

81 
(λ = 400 nm – 600 nm) 

2 m 
x1.5 m 
x1 m 

800 mm2 10 mm 45.2 dB λ = 450 nm 
39.1 dB λ = 600 nm  

16-channel 
Custom 
Imaging 
System 

8 
(λ = 470 nm – 600 nm) 

0.35 m 
x0.3 m 
x0.2 m 

256 mm2 4.5 mm 54.2 dB λ = 470 nm 
52.3 dB λ = 600 nm 

(100 ms ITIA 
integration time) 
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4. Design, Fabrication, and Test of Heterogeneously 
Bonded Thin Film Silicon Annular PD Arrays for DRS 

This chapter deals with the design, fabrication, and characterization of thin film 

silicon annular PDs heterogeneously bonded to transparent substrates and flexible 

substrates for DRS imaging. Imaging arrays composed of thin film PDs bonded to 

transparent substrates enable integration with planar waveguide light delivery 

(integrated on the backside of the transparent imaging plate), towards the development 

of a miniaturized integrated DRS probe.  Also, an imaging probe composed of 10 µm 

thick thin film PDs bonded to a 500 µm thick transparent Pyrex® substrate would 

increase optical throughput (and hence DRS signal levels) compared the bulk Si PDs by 

approximately 20%, when used with the free-space light delivery scheme described in 

Chapter 3. In addition, a decrease in leakage current (Figure 22(a)) due to back-

illumination of PD aperture walls is expected through the use of thin film PDs. Finally, 

thin film PDs bonded to a Pyrex substrate are better suited for direct contact DRS 

imaging compared to thick PDs with holes since blood in tissue can extrude through the 

holes in the thick PDs, potentially absorbing the source optical signal. This extrusion will 

be minimized for the thin film PDs since the thin film PDs are bonded to a solid Pyrex 

substrate, and are only microns thick. Therefore, development of DRS custom imaging 

arrays composed of thin film PDs is a step towards a more miniaturized and optimized 

custom DRS imaging probe.  
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Heterogeneously bonded, high responsivity, low dark-current, thin film PDs also 

find applications in other low light level, visible wavelength sensing systems such as  

integrated optical DNA sensing and optical biochemical sensing systems. As these 

systems progress towards smaller, more portable systems, low power consumption is 

key, which results in low optical power levels. This drives the development of high 

responsivity, low dark current PDs for integrated optical detection. For example, 

portable integrated microfluidic systems for biochemical sensing require planar 

integration of high performance PDs directly into the top plate of a microfluidic system 

that performs sample preparation functions (e.g. “Lab on a Chip”) [87, 88]. Since the gap 

between the two plates of these microfluidic systems is typically on the order of 200 µm, 

the detectors must be in thin film format to be integrated into the top plate of the system.   

Section 4.1 describes work done in this thesis on the design, fabrication, and test 

of a scalable 2x1 array of 10µm - 13 µm thick silicon pn junction PDs heterogeneously 

bonded to a transparent Pyrex® substrate. To the best of our knowledge, these PDs have 

the highest uncooled responsivity to dark-current ratio (0.30-0.54 cm2/nW for λ= 470 

nm–600 nm) amongst all heterogeneously bonded thin film monocrystalline Si PDs 

reported to date. This 2x1 array of thin film Si PDs prototyped the development of the 

next generation DRS imaging probe composed of a 4x4 array of heterogeneously bonded 

thin film Si PDs. Fabrication and test results from this 4x4 array of thin film PDs is 

described in Section 4.2. Finally, Section 4.3 deals with the fabrication and test of a 2x1 
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array of annular thin film Si PDs heterogeneously integrated onto a flexible substrate. 

The development of high responsivity, low dark current PDs integrated on flexible 

substrates opens the door to utilizing flexible DRS imaging probes for conformal tissue 

imaging. 

4.1 Design and Development of Heterogeneously Bonded Thin 
Film Annular Silicon PDs 

This section deals with the design, fabrication, and test of a 2x1 array of annular 

thin film Si pn-junction PDs. The outer diameter of the annular thin film PDs was 5.2 

mm and the inner diameter was 1 mm. The center-to-center spacing of the PDs was 6 

mm. The fabricated PDs were n-on-p pn-junction PDs. The spectral response of n-on-p 

pn-junction PDs is governed by the equations described in Section 3.1.1, with the 

boundary conditions in Equations 3-9, 3-10, 3-13, and 3-14 modified for an n-on-p 

junction [35]. The spectral response is governed by Equation 3-19, and is the sum of the 

drift current due to photogenerated carriers inside the depletion region and the 

diffusion currents due to minority holes collected at the n-side depletion region (Jp) edge 

and the minority electrons collected at the p-side depletion region edge (Jn). As 

explained in Section 3.1.1, since the dopant concentration in the fabricated devices is a 

function of the distance from the device surface (due to dopant diffusion), Jn and Jp need 

to be computed numerically.  

A 3D simulation was performed in Silvaco Atlas® to model the surface normal 

spectral response and junction depth of the thin film PDs. The simulated structure 
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consisted of a 10 µm x 10 µm x 10 µm volume of p-type silicon. The simulated model 

used the dopant concentration of the starting wafer used to fabricate the devices (3x1014 

cm-3), as specified by the vendor. The thickness of the device layer was specified by the 

vendor to be 10 µm and the p-type doping concentration was 3x1014 cm-3. A 

complementary error-function profile was used for phosphorous diffusion with a 

phosphorous surface concentration (Co) equal to 5x1020 cm-3. The diffusion profile and 

surface concentration correspond to the phosphorous doped spin-on-glass used for the 

fabricating the pn junction in the devices [89]. The value of Co should remain constant 

for different junction depths simulated for this thesis, since the dopant source maintains 

a constant surface concentration and does not deplete [89]. The top and bottom contacts 

were assumed to be ideal ohmic contacts. A 52 nm thick SiN AR coating was modeled 

for minimum surface normal reflectivity at shorter wavelengths (less than 500 nm), 

where the PD responsivity is lowest. A 3D optical source with a beam intensity of 1 

W/cm2 was swept across a 470 nm – 600 nm wavelength range to estimate the 

photocurrent. The photocurrent values calculated in Silvaco were divided by the power 

incident on the illuminated front surface (10 μm x 10 μm) of the simulated structure to 

calculate the spectral response for different junction depths. Figure 41 shows the 

simulated surface normal response with and without an AR coating for three different 

simulated junction depths. These Silvaco simulations informed the decision to aim for a 

junction depth of 500 nm, to achieve PD responsivity similar to the bulk Si PDs (0.27 
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A/W – 0. 36 A/W for λ = 470 nm – 600 nm) which was sufficient to achieve high SNR 

DRS imaging. 

 

 

Figure 41: (a) Simulated electric field gradient in a 10 µµµµm thick thin-film Si pn-

junction PD (b) Simulated spectral response for a thin-film Si pn-junction 

photodetector. The simulated response demonstrates the improvement in spectral 

response achieved by using a 52 nm thick SiN AR coating. 

Two 2x1 thin-film PD arrays were fabricated and characterized with different 

junction depths to optimize the junction anneal temperature.  Fabrication of the thin film 

PDs began with a p-type silicon-on-insulator (SOI) substrate: 10 µm – 13 µm Si (30 Ω-cm 

– 60 Ω-cm, boron)/ 500 nm SiO2/670 µm Si substrate (30 Ω-cm – 60 Ω-cm, boron). A  

phosphorous doped spin-on glass (Emulsitone, Phosphorosilica film 5x1020 cm-3) was 

spin coated on the device layer of the SOI substrate to form the n-type region of the pn-

junction. Dopant diffusion anneals were performed at 1000 °C for 15 minutes for the first 
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sample, and at 950 °C for 15 minutes for the second sample, to form the pn junction. 

Next, dual-ring top contacts composed of Ti (1000 Å)/Ni (500 Å)/Au (2000 Å) were 

patterned using negative UV-lithography and lift-off. Individual annular PD mesas were 

patterned using 10 μm thick positive resist (AZ9260), and etched using deep reactive ion 

etching (DRIE, SPTS Pegasus) which selectively stopped at the buried oxide layer (BOX) 

of the SOI substrate.  The mesas were then protected in a spin coated layer of 

transparent bonding adhesive Waferbond®, and thermo-compressively bonded to a 

transparent temporary carrier substrate at 180 °C in a vacuum oven (Fisher Scientific 

Isotemp 282A). The Si handle of the SOI substrate was then selectively etched from the 

BOX layer using DRIE (Bosch process). Next, the BOX layer was etched using buffered 

oxide etchant, to expose the back of the Si PD mesas. Broad area back contacts, 

composed of Al (1000 Å)/Ti (800 Å)/Ni (500 Å)/Au (2000 Å), were patterned using 

negative UV lithography and lift-off. Metal pads composed of Cr (50 Å)/Au (2000 Å) 

were deposited and patterned on the Pyrex® host substrate. The thin film PDs, 

supported on the temporary carrier substrate, were then transferred and bonded to the 

host Pyrex® substrate using an Au-Au bond formed using thermo-compressive 

bonding. The sample was then heated to 250 °C, the de-bonding temperature of the 

bonding adhesive Waferbond®., to remove the temporary carrier substrate. The residual 

Waferbond® on the bonded PDs was removed using oxygen plasma ashing. Finally, a 

52 nm SiN anti-reflection (AR) and passivation coating was deposited on the PDs using 



 

98 

PECVD, and contact openings were etched using reactive ion etching. Figure 42 shows a 

graphical process flow, and Figure 43 shows a transferred and bonded 2x1 array of thin 

film annular Si pn junction PDs. 
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Figure 42: Process flow for fabrication of a 2x1 array of annular thin-film Si pn-

junction PDs. 
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Figure 43: A 2x1 array of thin-film annular Si pn-junction PDs heterogeneously 

bonded to a Pyrex substrate.  

The surface normal spectral response and dark current of the two fabricated 2x1 

PD array samples were measured using a Keithley source-measurement unit (SMU-

4200). All spectral response and dark current measurements were performed at 0 V bias. 

A fiber-coupled xenon arc lamp (MAX-302, Asahi Spectra) with eight wavelength filters, 

each with 10 nm FWHM (λ = 470 nm, 480 nm, 490 nm, 500 nm, 510 nm, 560 nm, 580 nm, 

600 nm), optimized for breast cancer margin assessment, was used as the source for 

spectral response measurements. The photocurrent was measured for these eight 

wavelengths by illuminating each PD with a fiber bundle in the surface normal 

configuration, with the illumination spot size smaller than the area of the PD and offset 

from the central aperture such that all of the power at the output of the fiber bundle was 

incident on the PD. The power at the output of the illuminating fiber bundle was 
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measured using an optical power meter. The photocurrent measured at the PD at each 

wavelength was divided by the power measured at each wavelength to calculate the 

responsivity. 

Figure 44(a) shows the measured responsivity for the fabricated 2x1 array of thin 

film PDs with a junction anneal of 1000 °C with and without an AR coating. It was 

observed that the measured responsivity (with and without the AR coating) was in good 

agreement with the responsivity simulated in Silvaco for a junction depth of 750 nm. 

Figure 44(b) shows the measured responsivity for the 2x1 PD array with a junction 

anneal of 950 °C. In this case, good agreement was observed between the measured 

responsivity and the simulated responsivity for a junction depth of 500 nm. Also, it was 

observed that the measured responsivity for the thin film PDs annealed at 950 °C (0.26 

A/W – 0.36 A/W for λ= 470 nm-600 nm) was within 2-5% of the responsivity measured 

for the bulk Si pn-junction (0.27 A/W – 0.37 A/W for λ= 470 nm-600 nm), which is 

important for the development of high SNR DRS imaging probes using thin film Si PDs. 

This measured responsivity translated to an external quantum efficiency (ηext) of 50% – 

70% (λ= 470 nm-600 nm) for the PD array annealed at 1000 °C, and 66% – 72% (λ= 470 

nm-600 nm) for the PD array annealed at 950 °C.  
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Figure 44: Measured and simulated spectral response of a 2x1 array of thin-film Si pn-

junction PDs with a junction anneal of (a) 1000 °C (b) 950 °C; +/-σ error for the 

photoresponse measurements is more than two orders of magnitude lower than the 

signal measured.  
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The dark-current density for the array annealed at 1000 °C was measured to be 

0.63 nA/cm2, and the dark current density of the array annealed at 950 °C was measured 

to be 0.95 nA/cm2.  This yields a responsivity to dark current density ratio of 0.3 cm2/nW 

– 0.54 cm2/nW (λ= 470 nm-600 nm) for the array annealed at 1000 °C, and 0.27 cm2/nW – 

0.37 cm2/nW (λ= 470 nm-600 nm) for the array annealed at 950 °C. 

There have been several previous reports of thin film monocrystalline Si PDs [30-

34, 44, 90-92], some of which have been heterogeneously bonded to alternative 

substrates [30-34, 44, 91]. The data from this thesis demonstrates a higher responsivity to 

dark current ratio than previous reports, to the best of our knowledge. A comparison of 

the various performance parameters of previously reported heterogeneously bonded 

monocrystalline thin-film Si PDs is shown in Table 4. The peak responsivity vs. dark 

current density for previously reported heterogeneously bonded thin-film 

monocrystalline Si PDs is shown in Figure 45, demonstrating graphically that the PDs 

developed in this work achieve a higher peak responsivity to dark current density ratio. 
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Table 4: Comparison of previously reported monocrystalline silicon heterogeneously 

bonded thin-film PDs with the PDs developed in this thesis 

Reference Photodetector 
Technology 

Reported 
Responsivity 

Reported 
Dark-

Current 
Density 

Operating 
Voltage 

Responsivity/

Dark-current 

density ratio 

Muller, 1978  
[31] 

PIN PD 
bonded to 

copper stud 

0.09 A/W – 
0.46 A/W  

(λ = 400 nm – 
600 nm) 

7.52 
µA/cm2 

10 V 1.19x10-5 – 

6.11x10-5 

cm2/nW 

Kwa et al, 
1997 
[30] 

PN PD on 
suspended 

nitride 
membrane 

0.03 A/W – 
0.11 A/W  

(λ = 470 nm – 
600 nm) 

25 
nA/cm2 

0 V 1.2x10-3 – 

4.4x10-3 

cm2/nW 

Yang et al, 
2009 
[44] 

MSM on 
flexible PET 

74 nA/W  
(λ = 533 nm) 

2.22 
nA/cm2 

0 V 3.33x10-8 

cm2/nW 

Ko et al, 2008 
[33] 

PN PDs on 
flexible 

polyimide 

- 40-800 
nA/cm2 

4 V - 

Yoon et al, 
2008 
[34] 

PN cells on 
flexible epoxy 

membranes 

η = 4% - 10% 
(Solar 

spectrum) 

25.8 - 74.8 
nA/cm2 

10 - 20 mV - 

Zimmermann 
et al, 
2002 
[32] 

PIN on SOI 
substrate 

0.27 A/W – 
0.34 A/W  

(λ =430 nm – 
638 nm) 

13.11 
nA/cm2 

60 V 0.02 – 0.026 

cm2/nW 

This Work  
1x2 array  

(10 µm-13 µm) 
on Pyrex® 

PN on Pyrex 
substrate 

0.19 A/W – 
0.34 A/W 

(λ =470 nm – 
600 nm) 

 
0.63 

nA/cm2 

0 V 0.3 – 0.54 

cm2/nW 

This Work  
4x4 array     

(10 µm-13 µm)  
on Pyrex® 

PN on Pyrex 
substrate 

0.23 A/W – 
0.31 A/W  

(λ =470 nm – 
600 nm) 

0.326 
nA/cm2 

0 V 0.7 - 0.95 

cm2/nW 

This Work 4x4 
array  

(6 µm – 7 µm) 
on Pyrex® 

PN on Pyrex 
substrate 

0.226 A/W – 
0.285 A/W  

(λ =470 nm – 
600 nm) 

4.85 
nA/cm2 

0 V 0.046 – 0.059 

cm2/nW 
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This Work 
1x2 array     

(25 µm)  on 
flexible 

substrate 

PN on 
Kapton® 

0.16 A/W – 
0.26 A/W  

(λ =470 nm – 
600 nm) 

0.293 – 
0.545 

nA/cm2 

0 V 0.38 – 0.62 

cm2/nW 

 

 

Figure 45: Comparison of peak responsivity and dark current density for 

heterogeneously bonded thin-film monocrystalline Si PDs. Note that the highest 

responsivity to dark current density ratio would lie in the upper left hand corner of 

the chart. 

The high responsivity of these devices was attributed to the use of a shallow 

junction depth for efficient carrier collection, and the use of a SiN AR and passivation 

layer that reduced front surface reflectivity and the front surface recombination velocity 

[69], thereby reducing the recombination rate of the photocarriers generated close to the 
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surface of the PDs. The low dark current density is attributed to the use of low bias 

voltages (as high responsivity is achieved even in an unbiased condition), a SiN 

passivation layer, the absence of semiconductor material outside of the detection volume 

which prevented thermally generated carriers in the substrate from diffusing to the pn-

junction, and the development of a fabrication process that does not degrade the 

electronic properties of the semiconductor material. 

4.2 Development of Heterogeneously Bonded 4x4 Thin Film 
Annular PD Arrays 

This section describes the development of a 4x4 array of thin film Si 

photodetectors heterogeneously bonded to a transparent substrate. The development of 

this array is motivated by the goal to develop the next generation custom DRS probe; a 

probe that can be integrated with on-board guided wave light delivery on the back of 

the transparent substrate. In addition, by replacing the 600 µm thick PD array with a 10 

µm thick PD array bonded to a 500 µm Pyrex substrate, in the ZEMAX model shown in 

Figure 26 (free-space light delivery strategy), a 20% improvement in throughput was 

observed. The thin film PDs described in Section 4.1 were used for the development of 

these multi-pixel large area thin-film PD arrays. 

The fabrication process for the 4x4 thin film PD array was similar to the process 

for the 2x1 PD array with additional steps to improve scalability and to enable array 

packaging for electrical and optical testing. The graphical process flow for the 4x4 array 

is similar to Figure 42, with the additional steps shown in Figure 46. The O.D. and I.D. of 
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the fabricated pixels of the thin film array were 2.5 mm and 0.75 mm, respectively, and 

the pixel spacing was 4.5 mm, identical to the dimensions of the bulk Si PD array 

described in Chapter 3.  

Fabrication of the 4x4 thin-film PD array began with a p-type silicon-on-insulator 

(SOI) substrate: 10 - 13 µm Si (30 Ω-cm – 60 Ω-cm, boron)/ 500 nm SiO2/670 µm Si 

substrate (30 Ω-cm – 60 Ω-cm, boron). A  phosphorous-doped spin-on glass (Emulsitone, 

Phosphorosilica film 5x1020 cm-3) was spin coated on the device layer of the SOI 

substrate, and the dopant diffusion anneal was performed at 950 °C for 15 min. Next, 

dual-ring top contacts composed of Ti (1000 Å)/Ni (500 Å)/Au (2000 Å) were patterned 

using lift-off. Individual annular PD mesas were patterned using 10 μm thick positive 

resist (AZ9260), and etched using deep reactive-ion etching (DRIE, SPTS Pegasus) which 

selectively stopped at the buried oxide layer (BOX) of the SOI substrate. Figure 46(a) 

shows the etch profile of the individual PD mesas. This etch profile is critical for 

bringing the top and bottom PD contacts to same plane using continuous metal wires, 

for convenient electrical probing of individual pixels. The etch profile is achieved by 

disabling Bosch process switching in the DRIE tool. A continuous SF6 etch, assisted by 

the typical positive resist profile, results in a sufficiently sloped sidewall to ensure 

continuous metal coverage over the mesa step. Next, the Si wafer was thinned to ~350 

µm using a continuous SF6 etch in the DRIE. The mesas on the thinned substrate were 

then protected in a spin coated layer of transparent bonding adhesive Waferbond®, and 
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thermo-compressively bonded to a transparent temporary carrier (Pyrex) substrate at 

180 °C under vacuum. The Si handle of the SOI substrate was then selectively etched 

from the BOX layer using DRIE (Bosch process). Next, the BOX layer was etched using 

buffered oxide etchant, to expose the back of the Si PD mesas. Broad-area back contacts, 

composed of Al (1000 Å)/Ti (800 Å)/Ni (500 Å)/Au (2000 Å), were patterned using 

negative UV-lithography and lift-off. A metal pad with apertures composed of Cr (50 

Å)/Au (2000 Å) was deposited and patterned on the Pyrex® host substrate. The thin film 

PD array, supported by the temporary carrier substrate, was then aligned with the 

apertures on the host substrate, and transferred and bonded to the host Pyrex® 

substrate using an Au-Au bond formed using thermo-compressive bonding. The sample 

was then heated to 250 °C, the de-bonding temperature of the bonding adhesive 

Waferbond®, to remove the temporary carrier substrate. The residual Waferbond® on 

the bonded PDs was removed using oxygen plasma ashing. Next, a 500 nm thick layer 

of PECVD SiO2 was deposited, to serve as the interlayer dielectric (ILD) between the PD 

top and bottom contact. The ILD allowed the top and bottom contacts to be on the same 

plane without shorting the two contact layers, or the exposed pn junction around the 

mesa edge. Metal lines, composed of Cr (50 Å)/Au (2000 Å), were then patterned to 

bring the top contact down to the bottom contact plane and to enable wire bond 

connections to the top contact for electrical testing. Finally, a 52 nm SiN anti-reflection 

(AR) passivation coating was deposited on the PDs using PECVD, and contact openings 
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and PD apertures were etched using reactive ion etching. Figure 47 shows a transferred 

and bonded 4x4 array of thin-film annular Si pn junction PDs. 

 

Figure 46: (a) Sloped PD mesa etch profile; (b) PD mesas in 4x4 array; (c) 4x4 PD array 

embedded in Waferbond® after substrate removal and back contact patterning; (d) 

Process flow for patterning ILD, top contact wires, and AR coating. 
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Figure 47: A 4x4 array of heterogeneously bonded thin-film Si PDs 

The yield of the array shown in Figure 29 was 62.5% (10/16). The primary factor 

leading to poor yield was the thickness of the BOX layer (500 nm). The non-uniformity 

of the DRIE etch across the sample (center of the sample etches slower than sample 

edges), coupled with the selectivity of the substrate removal etch, and a thin etch stop 

layer, led to the damage of all corner pixels of the array. The etch stop layer was eroded 

and the corner pixels were damaged before substrate removal was complete at the 

center of the sample. A thicker BOX layer or a more selective etch could address this 

problem.  

Figure 48(a) shows photographs of a 4x4 array embedded in Waferbond® after 

substrate removal, with the BOX etch stop layer intact over all corner pixels of the array. 

This was achieved by using a higher selectivity etch for substrate removal along with a 

thicker etch stop layer (1 µm), and a thinner Si handle on the starting SOI substrate (576 
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μm). Figure 48(b) shows the array after back contact patterning, and Figure 48(c) shows 

the array after transfer and bonding to the Pyrex host substrate.  

 

Figure 48: (a) 4x4 array of thin-film PDs embedded in Waferbond® after substrate 

removal, with all corner pixels preserved; (b) Thin film PDs after back-contact 

patterning; (c) 4x4 array of thin-film PDs transferred and bonded to a Pyrex substrate. 

The surface normal spectral response and dark I-V curves of the 4x4 thin film 

array pixels shown in Figure 47 were measured using a Keithley source-measurement 

unit (SMU-4200). The dark I-V curves shown in Figure 49(a) demonstrate the uniformity 

across all responsive pixels in the array. Figure 49(b) shows the surface normal spectral 

response of the PDs in the 4x4 array. All spectral response measurements were 

performed at 0 V bias. The same xenon lamp and eight wavelength filters used in 

Section 4.1 were used as the source for spectral response measurements. The 

photocurrent was measured for each wavelength by illuminating each PD with a fiber 

bundle in the surface normal configuration, with the illumination spot size smaller than 

the area of the PD and offset from the central aperture such that all the power at the 

output of the fiber bundle was incident on the PD. The power at the output of the 
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illuminating fiber bundle was measured using an optical power meter. The photocurrent 

measured at the PD at each wavelength was divided by the power measured at each 

wavelength to calculate the responsivity. 

 

Figure 49: (a) Dark I-V curves for 10 responsive pixels of the 4x4 array shown in 

Figure 47; (b) Spectral response at 0 V bias, for 10 response pixels of the 4x4 array 

shown in Figure 47.  

The average responsivity of the 10 responsive pixels was measured to be 0.23 

A/W – 0.31 A/W for λ = 470 nm – 600 nm, or ηext = 60.68% - 64% for λ = 470 nm – 600 nm. 

The average dark current of the 10 responsive pixels was measured to be 14.56 pA +/- 1 

pA (+/- 1σ), at 0 V bias, i.e. a dark current density of 0.326 nA/cm2. The average 

responsivity to dark current density ratio for this array was 0.7 – 0.95 cm2/nW at 0V bias. 

In addition to the array shown in Figure 47, a second array was fabricated with a 

higher yield (81.25%) and tested. The starting SOI substrate for this array was 6 - 7 µm Si 

(20 Ω-cm – 30 Ω-cm, boron)/ 1 µm SiO2/400 µm Si substrate (20 Ω-cm – 30 Ω-cm, boron). 

The thicker BOX layer enabled uniform substrate removal across the 4x4 array without 
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damaging any corner pixels. 15/16 pixels were successfully transferred to the Pyrex® 

substrate, and 14/16 pixels were perfectly aligned to the apertures patterned on the 

Pyrex® substrate. The process flow for the fabrication of this device is shown in Figure 

42 and Figure 46(d). The surface normal spectral response (shown in Figure 50(a)) was 

measured using a xenon lamp with eight wavelength filters and a Keithley source-

measurement unit (SMU-4200), as described earlier in this section. The average 

responsivity was measured to be 0.226 A/W – 0.285 A/W for λ = 470 nm – 600 nm. It 

should be noted that while the responsivity for λ = 470 nm – 510 nm was nearly 

unchanged from the 10 µm thick 4x4 array (shown in Figure 49(b)), the responsivity was 

lower for λ = 560 nm – 600 nm. This decrease in responsivity was attributed to the use of 

thinner PDs (6.5 µm), resulting in lower absorption of longer wavelengths which have 

lower absorption coefficients in Si, as shown in Figure 12(a). However, since tissue 

absorption is lower at longer wavelengths (shown in Table 2), the reduction in 

responsivity for λ = 560 nm – 600 nm may not degrade the system SNR significantly. The 

dark current measured for these PDs was 50 pA – 600 pA (i.e. dark current density of 

11.2 pA/mm2 – 134.4 pA/mm2), and the typical dark current was lower than 200 pA (i.e. 

dark current density of 48.5 pA/mm2). Based on the 4x4 thin film array fabrication 

results of this thesis, the target thicknesses for a SOI material stack would be 10 - 13 µm 

thick device layer / 1 µm thick BOX/400 µm thick substrate.  



 

114 

 

Figure 50: (a) Measured surface normal spectral response for 6 - 7 µµµµm thick PDs 

heterogeneously bonded to a Pyrex® substrate in a 4x4 array (b) Photograph of the 4x4 

thin film PD array composed of 6 - 7 µµµµm thick PDs. 

4.3 Integration of Heterogeneously Bonded Thin Film Annular 
PDs Onto Flexible Substrates for Conformal Tissue Imaging 

There has been considerable interest in the integration of thin film silicon opto-

electronic and photonic devices on flexible substrates in the past five years [33, 34, 44, 93, 

94]. Devices such as thin film Si waveguides [93], micro-resonator sensors [94], and 

photodetectors and solar cells [33, 34, 44], have been successfully integrated onto flexible 

substrates such as polyethylene terephthalate (PET), flexible epoxy membranes, and 

polyimide substrates. Exploring the integration of thin film PDs optimized for DRS 

imaging on to flexible substrates is exciting because it opens the door to conformal DRS 

tissue imaging. Excised tissue samples are arbitrarily shaped, and studies have shown 

that the pressure applied by a flat imaging probe on an excised tissue sample can affect 

the DRS signal [95]. This motivated the integration of thin film annular Si pn-junction 
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PDs on to flexible Kapton® substrates for this thesis. This section describes the 

fabrication, and electrical and optical characterization of a 2x1 array of flexible thin-film 

annular Si PDs.  

The fabrication process for the flexible 2x1 thin-film PD array was similar to the 

process for the 2x1 PD array bonded to Pyrex (shown in Figure 42), with the exception 

that a 127 μm thick Kapton (DuPont Kapton® HN) sheet was used as the final host 

substrate. Kapton® HN was the substrate of choice because of its high temperature 

stability (required for thermo-compression bonding) and flexibility [96]. The O.D. and 

I.D. of the fabricated pixels of the thin-film array were 5.2 mm and 1 mm, respectively, 

and the pixel spacing was 6 mm. Fabrication of the flexible PD array began with a p-type 

silicon-on-insulator (SOI) substrate: 25 μm Si (37.5 Ω-cm – 62.5 Ω-cm, boron)/ 1 μm 

SiO2/576 μm Si substrate (37.5 Ω-cm – 62.5 Ω-cm, boron). A  phosphorous-doped spin-on 

glass (Emulsitone, Phosphorosilica film 5x1020 cm-3) was spin-coated on the device layer 

of the SOI substrate, and the dopant diffusion anneal was performed at 950 °C for 15 

min. Next, dual-ring top contacts composed of Ti (1000 Å)/Ni (500 Å)/Au (2000 Å) were 

patterned, and individual annular PD mesas were patterned using positive 

photolithography and DRIE. The Si wafer was thinned to ~350 μm using a continuous 

SF6 etch in the DRIE. The mesas on the thinned substrate were then protected in a spin 

coated layer of transparent bonding adhesive Waferbond®, and thermo-compressively 

bonded to a transparent temporary carrier (Pyrex) substrate at 180 °C under vacuum. 
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The Si handle of the SOI substrate was then selectively etched from the BOX layer using 

DRIE (Bosch process). Next, the BOX layer was etched using buffered oxide etchant, to 

expose the back of the Si PD mesas, and broad-area back contacts (Al (1000 Å)/Ti (800 

Å)/Ni (500 Å)/Au (2000 Å)) were patterned using negative UV-lithography and lift-off.  

The Kapton substrate was prepared for the high temperature thermo-compression 

bonding process by a 250 °C, 20 min. thermal cure to release residual stress developed in 

the film during the manufacturing process [96]. The surface roughness of the Kapton 

substrate is estimated to be ~330 Å [97], so a blanket Cr (50 Å)/Au (5000 Å) layer was 

deposited on the substrate, to ensure continuous metal coverage on the rough surface. 

The thin-film PD array, supported on a temporary carrier substrate, was then 

transferred and bonded to the prepared Kapton substrate using an Au-Au bond formed 

using thermo-compressive bonding. The sample was then heated to 250 °C to remove 

the temporary carrier substrate. The residual Waferbond® on the bonded PDs was 

removed using Waferbond Remover® and oxygen plasma ashing. Figure 51(a) and 

Figure 51(b) show a 2x1 array of 25 μm thick thin-film annular Si pn-junction PDs 

bonded to a flexible Kapton substrate.  It should be noted that no AR coating or 

passivation layer was deposited on these PDs. 
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Figure 51: (a) A photomicrograph of a 2x1 array of 25 μm thick annular Si pn-junction 

PDs, 5.2 mm O.D. and 1 mm I.D., bonded to a Au/Kapton substrate (b) A photograph 

of the 2x1 PD array bonded to Kapton, demonstrating the flexibility of the integrated 

structure. 

Electrical and optical characterization of the fabricated PD array was performed 

to assess the performance of the flexible PDs and to assess any degradation in 

performance due to bending fatigue. PD currents were measured using the Keithley 

Source-measurement unit (SMU-4200), and the PD responsivity was measured using a 

fiber-coupled xenon lamp with eight wavelength filters as the source, as described in 

Section 4.1 and Section 4.2.  
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Figure 52 shows the measured spectral response for the fabricated flexible PD 

array, before any flexing was performed on the array. The measured responsivity was 

0.16 A/W – 0.26 A/W for λ = 470 nm – 600 nm at 0V bias. Also shown in Figure 52 is the 

measured spectral response for a 2x1 PD array bonded to a rigid Pyrex substrate 

(without AR coating), for comparison. The junction doping and anneal conditions for the 

flexible and rigid devices were identical. The resistivity and thickness of the flexible and 

rigid devices were 37.5 Ω-cm – 62.5 Ω-cm and 25 μm, and 30 Ω-cm – 60 Ω-cm and 10 

μm, respectively. The similarity in responsivity values for the two sets of devices 

indicated that there was no apparent difference in PD spectral response between devices 

integrated on rigid and flexible substrates. The dark current at 0 V bias measured for 

flexible devices was 60 pA – 111.39 pA, i.e. a dark current density of 0.293 - 0.545 

nA/cm2. This translates to an average responsivity to dark current ratio of 0.38 – 0.62 

cm2/nW. Compared to the data in Table 4, this is among the lowest responsivity to dark 

current ratios reported to date for thin film monocrystalline Si flexible PDs, to the best of 

our knowledge.  
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Figure 52: Measured surface normal spectral response for a 2x1 array of thin-film Si 

PDs bonded to a flexible Kapton substrate and to a rigid Pyrex substrate. +/-σ error for 

the photoresponse measurements is more than 2 orders of magnitude lower than the 

signal measured. 

 Next, the effect of repeated bending on the performance of the fabricated flexible 

PD array was assessed. Repeated measurements of the surface normal spectral response 

and the dark I-V curve of a fabricated PD in the array were made after outward bending 

of the array 20 times on tubes of four different radii (in order of testing): 6.43 cm, 5 cm, 

3.45 cm, and 2.82 cm, and inward bending of the array 20 times on the following radii (in 

order of testing): 5.73 cm, 4.4 cm, 3.45 cm, and 2.4 cm. A total of 160 bending cycles were 

performed by the end of the experiment. One bending cycle was defined as the bending 

of devices on the tube and releasing them back to their original configuration. Figure 

53(a) shows the surface normal spectral response at the start of the experiment, and after 
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20 outward bending cycles on each tube. Figure 53(b) shows the dark I-V curves 

measured at the start of the experiment, and after each set of outward bending cycles. 

 

Figure 53: (a) Effect of multiple outward bending cycles on the spectral response of a 

flexible thin-film PD. +/-σ error for the photoresponse measurements is greater than 2 

orders of magnitude lower than the signal measured; (b) Effect of multiple outward 

bending cycles on the dark I-V curve of a flexible thin-film PD.  
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Figure 54(a) and Figure 54(b) show the dark I-V curves and the spectral response, 

respectively, at the start of the experiment and after each set of inward bending cycles.  

 

Figure 54: (a) Effect of multiple inward bending cycles on the spectral response of 

flexible thin-film PDs. +/-σ error for the photocurrent measurements is greater than 2 

orders of magnitude lower than the signal measured. (b) Effect of multiple inward 

bending cycles on the dark I-V curve of flexible thin-film PDs (c) Photograph 

demonstrating inward bending of the flexible PD array.   

No change in the electrical and optical characteristics was observed after 

subjecting the fabricated flexible PD array to multiple outward bending cycles down to a 

radius of 2.82 cm, and multiple inward bending cycles down to a radius of 2.4 cm. It 
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should be noted that the measurement of the effect of inward bending cycles is 

important for applications in direct-contact DRS tissue imaging. 
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5. Conclusions and Future Work 

This chapter offers conclusions to this thesis and provides an outline for future 

work to build upon the research performed for this thesis. 

5.1 Conclusion 

 DRS tissue imaging is a well established, non-destructive, quantitative optical 

technique to discern between healthy and cancerous tissue. One application of DRS 

tissue imaging is intra-operative tissue margin assessment for breast conserving 

surgeries. The goal of DRS imaging, in this context, is to assess excised breast tissue 

margins for complete tumor removal, thereby reducing re-excision surgeries and the 

related risk of local recurrence of cancer. Current intra-operative breast tumor margin 

assessment tools utilize fiber probes for tissue illumination and DRS collection, and 

imaging spectrographs and CCDs for imaging DRS spectra. Fiber based probes are 

limited in their resolution and scalability to image large tissue margins (as large as 30 

cm2 for breast tumors). Imaging spectrographs and cooled CCDs increase system 

complexity, size, and cost, limiting the wide-spread use of these instruments for intra-

operative tumor margin assessment.  

 This thesis addressed the challenge to develop a customized, scalable, wide-field, 

high SNR DRS imaging probe for intra-operative breast tumor margin assessment. The 

first generation custom DRS probe consisted of a 4x4 array of annular Si PDs for diffuse 

reflection detection. The custom imaging array had an imaging resolution of 4.5 mm, the 
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highest reported resolution for a multi-pixel non-scanning DRS imaging probe. The PDs 

had a measured responsivity of 0.27 A/W – 0.37 A/W at 0 V bias for λ = 470 nm – 600 nm. 

The dark current of the bulk Si PDs was measured to be 65 pA – 200 pA at 0 V bias. In 

addition, a free-space light delivery strategy was optimized using a light delivery tube 

for fiber-less light delivery to tissue sites across a 256 mm2 imaging area. The pixel-to-

pixel optical cross-talk was theoretically estimated and experimentally characterized, to 

inform the choice of an optimized light delivery tube and pixel-to-pixel spacing. The 

custom imaging probe was tested on diffuse reflectance standards, tissue mimicking 

phantoms, animal tissue, and human breast tissue, and SNRs of 30 dB – 55 dB were 

measured on all specimens. Finally, collaborative experiments demonstrated that optical 

properties could be extracted with errors <10% from breast tissue mimicking phantoms 

using the custom DRS probe developed in this thesis, indicating that the custom probe 

could be used to accurately extract optical properties of excised human breast tissue.  

 Next, custom annular thin film PDs were designed, optimized, fabricated, and 

characterized toward the development of the next generation DRS probe. A DRS probe 

based on thin film PDs has the potential to improve optical throughput through PD 

apertures, reduce leakage current due to absorption of back illumination inside PD 

apertures, do not have holes that blood can fill, can be integrated with on-board guided 

wave light delivery, and onto flexible substrates for conformal tissue imaging. A 2x1 

array of thin-film PDs was fabricated and characterized to prototype the development of 
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a 4x4 array of heterogeneously bonded thin film PDs. The responsivity of the 2x1 PD 

array was measured to be 0.19 A/W – 0.34 A/W for λ = 470 nm – 600 nm at 0 V bias. The 

dark current density was measured to be 0.63 nA/cm2.  Next, 4x4 arrays of thin film Si 

PDs were developed and electrically and optically characterized with a measured 

responsivity 0.23 A/W – 0.31 A/W for λ = 470 nm – 600 nm at 0 V bias, and dark current 

density of 0.326 nA/cm2. These heterogeneously bonded thin film monocrystalline Si 

PDs have the highest uncooled responsivity to dark current density ratio (greater than 

0.30 – 0.54 cm2/nW for λ= 470 nm – 600 nm) reported to date, to the best of our 

knowledge. A 2x1 array of thin-film monocrystalline Si PDs was also successfully 

integrated onto a flexible substrate with a measured responsivity of 0.16 A/W – 0.26 A/W 

for λ = 470 nm – 600 nm at 0 V bias, and dark current density of 0.293 – 0.545 nA/cm2. 

Bending fatigue tests were performed on the flexible array, and the array demonstrated 

no degradation in electrical and optical characteristics for 80 outward bending cycles, 

and 80 inward bending cycles for different radii of curvature varying from 6.43 cm to 2.4 

cm.  

5.2 Future Work 

There are several aspects of this thesis that would benefit from further research 

and development.  

Firstly, the arrays developed in this thesis, both bulk Si and thin-film Si, enable 

tumor margin imaging across a 256 mm2 imaging area with 4.5 mm resolution. 
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However, a majority of excised breast tissue samples are 10 cm2 – 20 cm2 in area. 

Therefore, development of larger area imaging arrays would considerably reduce image 

acquisition time inside the surgical suite for large breast tissue samples. In addition, the 

pixel resolution in the probes developed herein, were limited to 4.5 mm by the pixel-to-

pixel optical crosstalk. An investigation into the impact of optical crosstalk on reducing 

contrast in tissue images can inform the development of higher resolution DRS imaging 

arrays. It should be noted that the development of higher resolution, large area imaging 

arrays limited more by crosstalk than fabrication challenges. 

Next, the development of larger area imaging arrays also warrants the 

development of light delivery strategies that can deliver sufficient power uniformly over 

large imaging areas. Guided wave light delivery utilizing light emitting diodes (LEDs) 

and laser diodes would not only be more efficient, but will also improve system SNR 

given that system noise is currently lamp limited. 

Finally, conformal tissue imaging, enabled by the development of high 

performance thin-film Si PDs is an exciting research problem. While development of a 

light delivery strategy to enable controlled illumination of tissue, and analyzing diffuse 

reflectance data from a non-planar probe geometry are challenging issues to resolve, this 

problem nevertheless deserves further study. 

In addition to the aforementioned broad areas of future research, there are 

specific improvements that could be incorporated in future generations of the DRS 
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probes developed in this thesis. The custom DRS probes utilizing bulk Si PDs and rigid 

thin-film PDs are only protected by a 52 nm SiN layer. Since the PD arrays are placed in 

direct contact with tissue, the arrays would benefit from a protective hydrophobic layer 

that would make them more robust to rigorous cleaning procedures.  Next, the flexible 

PDs do not have an anti-reflection coating or passivation layer. In order to optimize the 

responsivity of the flexible PDs for high SNR DRS imaging, an AR coating needs to be 

incorporated. Finally, a flexible inter-layer dielectric layer (e.g. polyimide) needs to be 

incorporated, to replace the brittle SiO2 layer used with the rigid thin-film PD array to 

enable integration of the flexible PDs with read-out circuitry. 
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Appendix A: Fabrication Processes 

A.1: Process for 600 µµµµm thick Si PN (p-on-n) junction PD array 
with holes (using n-type epitaxial Si substrate): 
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Oxide Mask Growth: 

 

1. Heated RCA clean 
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Soln 1 (at 75 C) � 5:1:1 = H2O:H202:NH4OH; 40 ml H2O2, 40 ml NH4OH, 200 ml H2O 
Soln 2 (at 75 C) � 6:1:1 = H2O:H202:HCl; 20 ml HCl, 20 ml H2O2, 120 ml H2O 
Soln 3 � 20:1 = H2O: HF; 10 ml HF, 200 ml H2O 
Soln 4 � DI water 
 
Change volumes as required for different sample sizes. 
 
Dunk in Soln 1 for 10 min. 
Remove from Soln 1, rinse in DI, dry with N2 gun 
 
Dunk in Soln 3 until surface becomes hydrophobic 
Remove from Soln 3, rinse in DI, dry with N2 gun 
 
Dunk in Soln 2 for 10 min. 
Remove from Soln 2, rinse in DI, dry with N2 gun 
 
Dunk in Soln 3 until surface becomes hydrophobic 
Remove from Soln 3, rinse in DI, dry with N2 gun 
 
2. Dry oxidation (1”x1” sample lying flat), – 5 hours, 1000 C - ~146 nm oxide 
This thickness may change for different orientation of sample (or day to day variations), 
best to check oxide thickness in nanospec before proceeding 
 
N-type diffusion: 

 

1. Spin coat resist (AZ-5214) on epi side to protect top oxide (any other resist would do 
as well) 
1000 rpm, 500 rpm/s, 5 sec 
3000 rpm, 1000 rpm/s, 30 sec 
0 rpm, 1000 rpm/s, 5 sec 

 
2. Bake: 110 C, 1 min  
3. Pipette BOE to remove backside oxide 
4. Acetone, Methanol, IPA rinse, N2 gun drying for resist removal 
5. Spin N-type phosphorous dopant (5x1020 cm-3) on backside: 

1000rpm, 500 rpm/s, 5sec 
3000rpm, 1000 rpm/s, 30 sec 
0 rpm, 1000 rpm/s, 5 sec 

6. 75-80 C, 15 min – to drive out the solvent 
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7. High temp anneal in n-type furnace : 1050 C, 20 min (immediately after spinning and 
solvent removal bake) 

8. Spin coat resist (AZ-5214) on epi side to protect top oxide 
1000 rpm, 500 rpm/s, 5 sec 
3000 rpm, 1000 rpm/s, 30 sec 
0 rpm, 1000 rpm/s,  5 sec 

9. Bake: 110 C, 1 min 
10. Pipette BOE to remove n-type dopant oxide (3-4 mins) 
11. Acetone, Methanol, IPA rinse, N2 drying for resist removal 
12. Piranha clean, if dopant leaves residue 

 
P-type diffusion: 

 

1. PECVD oxide deposition on backside, 60 min at 33.33 nm/min (2 m) 
2. Negative photolithography of AZ-5214 on epi side to open oxide windows 

1000 rpm, 500 rpm/s, 5 sec 
4000 rpm, 1000 rpm/s, 40 sec 
0 rpm, 1000 rpm/s, 5 sec 

 
100 C, 40 sec 

 
Mask exposure – 3 sec (14 mW PHOTO2) 

 
125 C, 30 sec 

 
Flood exposure – 29.5 sec (14 mW PHOTO2) 

 
Develop – 25 – 30 sec AZ300 MIF (check in microscope to confirm develop) 

 
3. Pipette BOE to open oxide windows on epi side (7 – 9 mins) 
4. Acetone, Methanol, IPA rinse to strip resist 
5. Dry thoroughly 
6. Spin p-type boron dopant (5x1019 cm-3): 

1000rpm, 500 rpm/s, 5sec 
3000rpm, 1000 rpm/s, 30 sec 
0 rpm, 1000 rpm/s, 5 sec 

7. 75-80 C, 15 min – drive out solvent 
8. High temp. anneal: 950 C, 15 min. (10 min stabilize + 1 min. pre-anneal + 4 min. 

anneal) (immediately after spinning and solvent removal ) 
9. Negative lithography of AZ-5214 to open PD active area (same as above) 
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10. Pipette BOE until dopant oxide removed (requires frequent checking, 13 – 20 mins) 
11. Strip resist with acetone, methanol, IPA (if there is any dopant residue from previous 

step, it should go away with this step) 
12. Measure patterned oxide step height in profilometer (should be ~350 nm) 
Thin it to ~200 nm using BOE (etch for 60 sec, check in prof, etch for 60 sec, check in prof, 
etc). 10 – 23 nm high peaks and valleys observed in resulting oxide layer. 
13. Spin coat resist to protect remaining top oxide (same as before), bake 110 C, 60 sec 
14. Pipette BOE to strip remaining PECVD oxide on backside (40 mins) 
15. Acetone, Methanol, IPA rinse to strip resist on epi side 
16. Dry thoroughly 

 
N-side metallization: 

 

1. Protect epi side with resist 
2. Blanket backside deposition: 2000 A Aluminum, 750 A Pt 
3. Acetone, Methanol, IPA rinse for resist removal from epi side 
4. RTA: 540 C, 10 min. 

 
P-side metallization: 

1. Negative photolithography using AZ-5214, align and pattern top contact 
2. Metalize: 2500 A Aluminum 
3. Lift-off in Acetone 
4. RTA: 530 C, 4 min. 

 
Gold pads for wire bonding: 

1. Negative photolithography using AZ-5214, align and pattern wire bond pads 
2. Metalize: 2500 A Gold (may want to use Ti (400 A)/Ni (500 A)/Au (2500 A) instead of 

just Au to avoid adhesion issues) 
3. Lift-off in Acetone 

 
Dicing: 

1. Dice arrays into individual samples 
2. Entire back contact may peel off due to dicing tape, if it does – re-deposit 2000 A 

Al/750 A Pt/2500 A Au; if it does not peel off, cap the bottom metal stack with 2500 A 
Au. 
 

Hole etching: 

 

1. Positive photolithography using AZ-9260 thick resist (10 m thick) to align and 
pattern holes on detectors 
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300 rpm, 500 rpm/s, 5 sec 
1800 rpm, 1000 rpm/s, 60 sec 
0 rpm, 1000 rpm/s, 5 sec 
 
Bake: 110 C, 165 sec 

 
Mask exposure: 111.6 sec (14 mW, PHOTO2) 

 
Develop: AZ400K (1:4), 5 – 10 mins, agitate continuously, monitor in microscope to 
confirm complete develop 

 
2. 218 cycles, squares 1mm holes recipe, 39 min 58 sec DRIE etch to etch holes 
3. Strip resist mask in Acetone, methanol, IPA. If resist leaves residue, ash in oxygen 

plasma (plasma asher) 
 

Nitride AR coating:  

1. PECVD nitride deposition on p-side: ~52 nm, 5 min 15 sec at 9.8 nm/min 
2. Pattern nitride etch mask(AZ-5214) 
 
3. RIE etch nitride to expose top wire bonding pad: 
 

Load Nitride- RIE1 recipe 
 

Set parameters: 
 

Pressure: 150 mT 
Power: 75 W RIE 
Gases: 45 sccm CF4; 5 sccm O2 

Time: 30 sec 
 

Before stripping away resist mask, test PDs to ensure contacts have opened up. If 
not, repeat etch. 

 
When nitride has been completely etched away, strip resist in acetone. Rinse with 
methanol, IPA. 
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A.2: Process for 10 µµµµm thick Si PN (n-on-p) junction PD array 
bonded to Pyrex (using p-type SOI substrate): 

RCA clean 

 
Soln 1 (at 75 C) � 5:1:1 = H2O:H202:NH4OH; 40 ml H2O2, 40 ml NH4OH, 200 ml H2O 
Soln 2 (at 75 C) � 6:1:1 = H2O:H202:HCl; 20 ml HCl, 20 ml H2O2, 120 ml H2O 
Soln 3 � 20:1 = H2O: HF; 10 ml HF, 200 ml H2O 
Soln 4 � DI water 

 
Dunk in Soln 1 for 10 min. 
Remove from Soln 1, rinse in DI, dry with N2 gun 

 
Dunk in Soln 3 until surface becomes hydrophobic 
Remove from Soln 3, rinse in DI, dry with N2 gun 

 
Dunk in Soln 2 for 10 min. 
Remove from Soln 2, rinse in DI, dry with N2 gun 

 
Dunk in Soln 3 until surface becomes hydrophobic 
Remove from Soln 3, rinse in DI, dry with N2 gun 

 
Spin phosphorosilicafilm 

 
1000 rpm, 500 rpm/s, 5 sec 
3000 rpm, 1000 rpm/s, 30 sec 
0 rpm, 1000 rpm/s, 0 sec 

 
Bake at 75 C, 15 min. on a hot plate covered with foil. Cover sample with glass ware to 
protect it. 

 
Diffusion anneal 1000C, 15 min, or 950 C, 15 min 

 
Strip phosphorosilicafilm using BOE 

If there is any residue, put in piranha until residue disappears and then strip resulting oxide 
in BOE 

 
Pattern top contacts using AZ5214 negative photolithography 

 
Spin AZ5214 
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1000 rpm, 500 rpm/s, 5 sec 
4000 rpm, 1000 rpm/s, 40 sec 
0 rpm, 1000 rpm/s, 0 sec 

 
Soft bake: 100 C, 40 sec 

 
Mask Exposure: 3 sec at 14 mW (PHOTO2) 

 
Post exposure bake: 125 C, 30 sec 

 
Flood exposure: 29.5 sec at 14 mW (PHOTO2) 

 
Develop: AZ300MIF for 25 – 30 sec 

 
Just before metal evaporation, perform mild O2 ashing (75 W, 1 min) in plasma asher 
followed by quick BOE dip, DI rinse and N2 drying. 

 
Evaporate Ti 1000 Å/Ni 500 Å /Au 2000 Å contacts in EVAP1 and perform liftoff in acetone 

 
Pattern mesas using AZ9260 

 
Spin AZ9260 

 
300 rpm, 500 rpm/s, 5 sec 
1800 rpm, 1000 rpm/s, 60 sec 
0 rpm, 1000 rpm/s, 0 sec 

 
Soft bake: 110 C, 165 sec 

 
Mask exposure: 111.6 sec at 14 mW (PHOTO2) 

 
Develop: AZ400K 1:4 diluted, 5 min – 8 min. 

 
Sloped DRIE etch for 1:15 s if etch depth is 13 um. BOX should be visible after DRIE. 

 
Waferbond to Pyrex 

 
Get Pyrex piece diced to required size from Jay. Protect Pyrex with resist for dicing. 
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After dicing, strip resist in acetone and piranha clean pyrex. 
 

Use dicing tape to mount the sample and pyrex (so that waferbond doesn’t get to the back of 
the sample) 

 
Spin adhesion promoter P20 on Pyrex and mesa sample: 
3000 rpm, 1000 rpm/s, 60 sec 

 
Spin waferbond on pyrex and mesa sample: 

 
1000 rpm, 500 rpm/s, 5 sec 
1200 rpm, 1000 rpm/s, 60 sec 
0 rpm, 1000 rpm/s, 5 sec 

 
Bake: 120 C, 2 min 
            180 C, 2 min 

 
Place the two samples in contact and carry to bonding jig. 

 
Bonding jig prep: 

 
Place a sheet of cleanroom paper (not wipes) on lower plate of jig 
Place sample on this paper. (Pyrex on bottom, mesas on top) 
Place a folded sheet of cleanroom paper on top of sample 

 
Bring top plate finger in contact with folded paper (centered on sample) 

 
Place in vacuum oven (OVEN5) which has been preheated to 75 C. Set temp. to 190 C. 
Pump/purge oven 3 times (pump down to 0.9 inches, purge to 30.7 inches) 
For the final pump down, maintain pressure at 1 inch. 
When temp reaches 180 C, reset temp to 30 C. This will keep sample at 180 C – 181 C for 
more than 10 minutes. Let cool till oven is ~130 C. 

 
Vent and remove sample. 

 
Substrate removal in DRIE 

 
Combination of DRIE steps in cleanroom notebook. Monitor thickness in profilometer 
between etches. Change profilometer tip force to 3 – 5 mg, so that sample doesn’t crack 

when it is thin. Don’t change tip force until sample height ~100 µm or tip might break. 
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Get sample diced to size 

 
Pattern back contact using AZ5214 negative photolithography 

 
Spin AZ5214 

 
1000 rpm, 500 rpm/s, 5 sec 
4000 rpm, 1000 rpm/s, 40 sec 
0 rpm, 1000 rpm/s, 0 sec 

 
Soft bake: 100 C, 40 sec 

 
Mask Exposure: 3 sec at 14 mW (PHOTO2) 

 
Post exposure bake: 125 C, 30 sec 

 
Flood exposure: 29.5 sec at 14 mW (PHOTO2) 

 
Develop: AZ300MIF for 25 – 30 sec 

 
Just before metal evaporation, perform mild O2 ashing (75 W, 1 min) in plasma asher 
followed by quick BOE dip, DI rinse and N2 drying. 

 
Evaporate Al 1000 Å /Ti 800 Å /Ni 500 Å /Au 2000 Å in EVAP1 and perform liftoff in 
acetone 

 
Pattern metal contacts on diced pyrex substrate using AZ5214 negative 
photolithography 

 
Strip resist from Pyrex and perform piranha clean. 

 
Spin AZ5214 

 
1000 rpm, 500 rpm/s, 5 sec 
4000 rpm, 1000 rpm/s, 40 sec 
0 rpm, 1000 rpm/s, 0 sec 

 
Soft bake: 100 C, 40 sec 
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Mask Exposure: 3 sec at 14 mW (PHOTO2) 
 

Post exposure bake: 125 C, 30 sec 
 

Flood exposure: 29.5 sec at 14 mW (PHOTO2) 
 

Develop: AZ300MIF for 25 – 30 sec 
 

Evaporate Ti 800 Å /Ni 500 Å /Au 2000 Å  or Cr 50 Å/ Au 2000 Å in EVAP1 and perform 
liftoff in acetone 

 
Perform thermocompression bonding in vacuum oven (OVEN5) 

 
Medium O2 ash both pyrex and back contacts of PDs (75 W, 1 min) in plasma asher. 

 
Align under LWD microscope and place in contact 

 
Pre-heat fisher plate in big acidhood to 210 C and place foil on it 

 
Place bonded sample in jig (with thinner lower plate) and place the upper plate with finger 
on the sample. (PD sample on top, pyrex substrate on bottom, and finger centered on 
sample) 

 
Place jig on hot plate for 12 minutes. 

 
Now place 1 kg weight on jig for 20 minutes. 

 
Remove 1 kg weight, and transport sample (still in jig) to the vacuum oven (which has been 
pre-heated to 75 C) 

 
Place sample in vacuum oven and set oven temp to 230 C.  
Pump/purge oven 3 times (pump down to 0.9 inches, purge to 30.7 inches) 
For the final pump down, maintain pressure at 1 inch. 
When temp reaches 220 C, reset temp to 30 C. This will keep sample at 220 C – 221 C for 
~15 minutes. Let cool till oven is ~100 C (or for 2.5 – 3 hours).  

 
Vent oven and remove sample from jig. 

 
Remove temporary carrier wafer 
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Pre-heat fisher scientific hotplate in big acidhood to 250 C (it will heat to about 242 C) 
 

Place sample on it for 1.5 – 2 minutes. 
 

Nudge top plate – it should slide off. Leave samples on HP for 2 more minutes. 
 

Clean transferred devices with waferbond remover. If there is some waferbond residue, 
clean with TCE and IPA 

 
Test with SMU to make sure that devices are responding and dark current is low. 

 
Deposit nitride AR coating in PECVD1 for 5 min 15 sec (~52 nm thick) 

 
Pattern the contacts with AZ5214 negative photolithography 

 
Spin AZ5214 

 
1000 rpm, 500 rpm/s, 5 sec 
4000 rpm, 1000 rpm/s, 40 sec 
0 rpm, 1000 rpm/s, 0 sec 

 
Soft bake: 100 C, 40 sec 

 
Mask Exposure: 3 sec at 14 mW (PHOTO2) 

 
Post exposure bake: 125 C, 30 sec 

 
Flood exposure: 29.5 sec at 14 mW (PHOTO2) 

 
Develop: AZ300MIF for 25 – 30 sec 
 
Etch nitride in RIE1 to open up contacts 

 

Load Nitride- RIE1 recipe 
 

Set parameters: 
 

Pressure: 150 mT 
Power: 75 W RIE 
Gases: 45 sccm CF4; 5 sccm O2 
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Time: 30 sec 
 

Before stripping away resist mask, test PDs to ensure contacts have opened up. If not, 
repeat etch. 

 
When nitride has been completely etched away, strip resist in acetone. Rinse with methanol, 
IPA. 
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