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ABSTRACT  

Thermal detector technology such as microbolometers have become more commercially 

available and affordable in the past five years primarily driven by a manufacturable wafer 

level fabrication process for these detectors. A recent DARPA program called Wafer 

level Infrared Detectors (WIRED) is exploring new integration schemes for developing 

low cost photonic detectors, which have higher speed and sensitivity compared to thermal 

detectors. Such efforts will require wafer level characterization of photonic detectors with 

rapid throughput of figures of merit. This thesis compares the performance of mid-wave 
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infrared (MWIR) photonic detectors using a conventional cryostat and a micro-

manipulator probe station to extract specific figures of merit needed to assess the device 

performance. Two different strained-layer super-lattice mid-wave infrared (3-5.5 µm) 

detectors were characterized using each system to benchmark their performance in these 

two systems. The results show that the micro-manipulated probe station test system is 

quantifiably similar to the cryostat research test system to within a 5% error over a large 

temperature range (300K - 150K). Below 150K, the dark current in the micro-

manipulator probe station test setup was higher than the cryostat test setup. This could be 

due to the background illumination in the probe station or inadequate thermal contact. By 

undertaking some diagnostic measurements, it was found that the cause of the 

discrepancy was the thermal offset between the micro-manipulator probe station sample 

mount and the leadless chip carrier (LCC) carrying the sample. This thermal offset was 

due to a mismatch of thermal conductivity and coefficient of thermal expansion (CTE) 

that led to the delamination of the LCC from the sample mount due to the inadequate 

thermal contact between the two surfaces. To ensure thermal contact, fastening the LCC 

to the sample mount would improve the probe station performance to be similar to the 

cryostat at temperatures below 150K. Because the probe station is designed to 

characterize detector material without tedious wirebonding and expensive leadless chip 

carrier waste, we can conclude it can be used to characterize detectors at the wafer level 

providing a higher throughput compared with a traditional cryostat. This work will allow 

future detector characterization to be completed using a probe station instead of a 

traditional cryostat test system, thereby reducing the test and measurement time for 

infrared detectors.  
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1 INTRODUCTION 

Over the last 40 years infrared detectors have developed into major contributors to 

advanced technological applications such as medical imaging, military vision products, 

industrial manufacturing processes, and other imaging applications. [1] [2] The diverse 

span of these technological applications displays the advantages of using unique features 

of infrared detectors that provide more information than what can be measured by other 

technologies. These applications have propelled material research, such as 

microbolometer technology, to rapidly develop low cost infrared thermal detectors into a 

large scale commercial operation seen in industry today.  

The bolometer success story shows that thermal detectors are on a direct path to 

saturating the market with affordable high spatial resolution technology. However, 

research has also proven that thermal detectors have limitations in speed and sensitivity. 

In contrast to the thermal detectors’ limitations, photon detectors have consistently 

performed with both higher sensitivities and speed. [3] As the infrared detector market is 

pushing for more sophisticated detectors for their products, infrared photon detectors are 

answering the call to perform at this more sophisticated level and are on track to follow 

the same trend as thermal detectors. Industry is projecting infrared detectors will also 

become commercially available through the same wafer level integration technology that 

has made thermal detectors so successful. However, in order for photon detectors to 

become more commercially available, novel wafer level fabrication and characterization 

techniques need to be realized. Research and development (R&D) entities have attempted 

taking on this task; particularly, a DARPA initiative that was implemented in 2015. [4] 
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This initiative, called WIRED or Wafer Scale Infrared Detectors is set up to fund and 

moderate R&D projects into providing high performance, low-cost infrared imagers. For 

example, Figure 1 shows an infrared photon detector fabricated at a wafer level scale.  

 

Figure 1: GaSb infrared detector focal plane array wafer grown and fabricated at the Microdevices Laboratory 

at Jet Propulsion Laboratory. [5] 

If radiometrically measuring the entire wafer for quality and uniformity without 

damaging the material could be successfully completed, there would be more efficient 

development processes to provide quality assurance on these detector arrays; the result, a 

faster throughput to lower manufacturing cost, and conclusively, a commercial product 

that is more affordable. 

In order to close the gap between the commercial availability of thermal detectors 

and photon detectors, research and development entities will need to concentrate on 

building more robust photon detectors for higher operating temperatures and create a 

more efficient manufacturing process. The common way to characterize infrared (IR) 

detector material requires wafer dies to be cleaved and wirebonded to leadless chip 

carriers (LCCs) as seen in Figure 2 that are then installed in cryostats as a common 

characterization technique. This process is time consuming and has several limitations, 

including the number of devices available to characterize at one time. One way to 
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overcome these limitations is to switch to a probe station characterization technique. 

Probe stations offer several advantages, such as direct wafer probing and more testing 

area to characterize more devices at once. However, the question remains if it can be 

proven to measure detector performance to the same quantifiable accuracy as the 

common characterization technique. This research aims to kick-start the improvement 

process for IR photon detectors by offering quick and reliable feedback via probe station 

characterization without the detector packaging. The main objectives to uncovering some 

answers to improve the characterization process and the bulk of this research are 

described in the following:  

Contributions of this thesis:  

 Compare two different characterization setups: the leadless chip carrier cryostat 

and the micro-manipulated probe station; pointing out the pros and cons of each 

setup.  

 Qualify the probe station as a setup using Figures of Merit such as dark current, 

spectral response, responsivity, and quantum efficiency.  

 Conclude the probe station is more effective to use as a test setup for wafer level 

characterization because the advantages outweigh the advantages from the 

cryostat for wafer level measurements. 

This research focuses on the characterization of infrared photodetectors, specifically 

antimony-based strained-layer super-lattice (SLS) structures that are sensitive to the mid-

wave region of the electromagnetic spectrum. We are interested in improving the 

characterization techniques used to determine detector quality in order to fulfill the 

growing need of producing commercial high-quality infrared photodetectors. To 
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demonstrate this characterization process, two different cryogenic research test systems 

were individually used to measure the same strained-layer super-lattice mid-wave 

infrared (MWIR) detector. One system is a cryostat test system, while the other is a 

micro-manipulated probe station test system. The measurements were then compared to 

benchmark the two cryogenic research test systems to quantitatively define the 

measurement gap between them.  

Results show the micro-manipulated probe station is experimentally comparable to 

the well-established cryostat test system in the temperature range of about 150K to 300K. 

Since the micro-manipulated probe station is designed to characterize minimally 

processed detector material without wirebonding and leadless chip carrier use, we can 

conclude it can characterize material faster than a traditional cryostat. Through extensive 

material characterization and testing on single pixel technology produced at the research 

and development level, the proven techniques and processes learned can be implemented 

into a commercial manufacturing level.  

The first chapter of this thesis has introduced the main motivation for this work and 

described the questions this research is trying to answer through experimental study of 

these two research test setups. The second chapter will describe the basics of infrared 

detector theory and operation, as well as the specific detector characteristic differences 

between photon detectors and thermal detectors. This chapter will also discuss the 

reference photon detectors chosen to complete the characterization, the general methods 

of photodetector characterization, and the different test setups used to measure the 

detector’s characteristics. These characteristics, or Figures of Merit, will be described in 

further detail in the third chapter as well as how they are measured with each test setup to 
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wrap up all introductory material required to understand the experimental results. Finally, 

the results of the experiment will be presented, and a discussion of the results and future 

work will conclude the thesis in the fourth and final chapter.  

 

Figure 2: Manufactured and Fabricated Infrared Detectors. (a) Single Quantum Well Infrared Photodetector 

Focal Plane Array on an LCC. (b) Multiple Thermal Detectors on Wafer. [6] [7]   
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2 MATERIALS & METHODS 

This chapter introduces the fundamentals of infrared detector operation in order to 

understand the physics of the detection process. Once some basic concepts are presented, 

a discussion on thermal detectors and photon detectors will give some perspective on the 

pros and cons of each type of detector. The single pixel detectors used as reference 

detectors for this work will be described along with their material structure and 

comments about their individual characteristics. Finally, the methods used to characterize 

these photon detectors and the research test setups will be discussed to give some 

background on the experimental equipment used in this study.  

2.1 INFRARED DETECTOR BASICS 

Infrared detector technology has enabled the development of scientific devices that 

expand the knowledge of invisible energy through measurement of the electromagnetic 

spectrum. These detectors are sensitive to specific wavelengths of light around the 

infrared region in the electromagnetic spectrum as shown in Figure 3. This figure 

identifies all possible wavelengths of electromagnetic radiation and classifies all regions 

within the spectrum. Each region is identified by wavelength, frequency, and energy; 

visible light is only a fraction of the spectrum.  
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Figure 3: The Electromagnetic Spectrum Diagram of the Different Regions along the Entire Spectrum with an 

Emphasis on the Visible Spectrum [8] 

Based on the natural divisions of each region using the wavelength, frequency, and 

energy level, different technological applications can be classified using the response 

between the radiated, transmitted, and absorbed electromagnetic energy. [9] [10] For 

example, radio waves are defined as any frequency between about 1kHz and 1THz, and 

are used for long-distance communication, particularly with satellites. [11] This 

frequency range is defined using the historical theories established by Hershel and 

Maxwell during the 1800’s. [11] As Hershel, Maxwell, and other scientists shaped each 

region, they deemed the infrared region to be within the wavelength range of 750nm – 

1mm with a frequency range of 400THz – 300GHz respectively. 

 

Figure 4: Different Regions in the Infrared Section of the Electromagnetic Spectrum - Short-Wave, Mid-Wave, 

and Long-Wave [8] [12] 
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Like the natural divisions within the entire electromagnetic spectrum, there are 

segments that break each region into further sections. In the infrared region of the 

electromagnetic spectrum, there are regions that are defined by natural phenomenon in 

the atmosphere where the light transmission of the atmosphere can either pass through or 

be blocked by absorbing molecules such as H2O, CO2, and O3 as seen in Figure 5. These 

regions are called spectral bands. There are four spectral bands that can describe the 

wavelength region where detector’s sensitivity lies: near infrared (0.75µm – 1.4µm); 

short-wave infrared (1.4µm – 2.5µm); mid-wave infrared (3µm – 5µm); and long-wave 

infrared (8µm – 15µm) which also includes very long-wave infrared (15µm – 1mm). 

Each region has specific applications associated with them because of the individual 

detector’s material properties.  

For example, the near infrared can be used for night vision technology – such as 

night vision goggles – by collecting small amounts of ambient light through an optical 

lens to push through a Gallium Arsenide photocathode that converts the light to electrons 

for amplification and is “read” by a phosphorous screen to show the user the image 

created by the resulting photons. [13] The short-wave infrared is most commonly used for 

optical communications – recognized for telephone communication lines – where the 

standardized 1550nm wavelength laser light is ideal to use with the silica-based fiber due 

to the combination of low attenuation and total internal reflection at 1550nm. [14] Along 

with additional electronics to interpret the light at either end, the ultimate results consist 

of data network communication such as the Internet. [15] Applications of the mid-wave 

infrared vary widely, but one particular example is global surveillance satellites with 

large staring focal plane array (FPA) cameras. The materials used to create MWIR FPAs 
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have many good qualities to provide high performance under the harsh space 

environment, such as great atmospheric transmission and radiance parameters. [16] Like 

the mid-wave region, the long-wave infrared also has many applications – such as facility 

diagnostics – by using the temperature differences based off of the amount of radiation 

emitted by an object as temperature increases. [9] While this discussion proves there are 

many different infrared detectors, only those of the same class should be compared to one 

another because of their different characteristics, physical mechanisms, and operating 

wavelength ranges. For instance, only MWIR detectors should be compared with other 

MWIR detector and only LWIR detectors should be compared with other LWIR 

detectors. This research was conducted using only mid-wave infrared detectors. 

 

Figure 5: Plot of atmospheric transmittance in the infrared region [17] 

For mid-wave infrared detectors, there are two types of detectors that are widely 

used: thermal and photon. When heat is absorbed into a thermal detector material, a 

change in the detector’s material properties occur. Thermal detectors sense and measure 

that property change electrically. An example of this is a pyroelectric detector; these 

detectors use the pyroelectric effect to detect infrared radiation from an object using 

internal material polarization to see small changes in temperature. [18] Photon detectors 
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measure the direct conversion of photons to electron-hole pairs through the bandgap of 

semiconductor materials. An example of a photon detector is an Indium Antimonide 

(InSb) photodetector; this semiconductor material uses the photovoltaic effect to generate 

electric current when exposed to infrared radiation, also known as photons, with energy 

levels in the infrared region. [9] Several notable characteristics of thermal detectors and 

photon detectors can be found in Table 1.  

Table 1. Comparison of Mid-Wave Infrared Detector Characteristics: Thermal Detectors and Photon Detectors 

Mid-wave Infrared Detector Characteristics 

MWIR Thermal Detectors MWIR Photon Detectors 

• Heat absorbed into material and 

change in material properties is 

detected   

• Metallic or Semiconductor materials  

• High Operating Temperature (~295K) 

• Commercial-off-the-Shelf (COTS) 

availability  

• Low cost 

• Low Sensitivity  

• Low Speed 

• Direct conversion of photons to 

electron-hole pairs 

• Semiconductor materials 

• Low Operating Temperature (~77K) 

• Limited commercial availability 

• Expensive  

• High Sensitivity  

• High Speed  

 

Pros and cons are highlighted in Table 1 by red (con) and green (pro) to show the 

differences between thermal detectors and photon detectors. As you can see, the pros and 

cons are spread evenly across both types of detectors. However, the negative attributes of 

thermal detectors are low sensitivity and low speed; these are caused by the fundamental 

operation of thermal detectors, with heat transfer being the detection mechanism. For 

example, the pyroelectric detector mentioned above can only operate at a maximum 

signal rate of 13Hz due to the natural response between the material and heat. [19] As a 

result, thermal detectors are not able to overcome these qualities because heat is sluggish 

compared to electrons. While photon detectors have been pointed out to have several 
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disadvantages, their high sensitivity and high speed qualities are enough incentive to 

develop the low operating temperature and little commercial availability into pros 

through research and development projects, such as wafer level characterization research. 

2.2  PHOTODETECTOR CHARACTERISTICS 

As the explanation of the general operation of infrared detectors continues, we move 

into the describing the detectors used to complete this study. To reiterate, photodetectors 

are detectors that directly convert photons to electrons by using the bandgap structure 

within the material. The detectors below are strained-layer super-lattice infrared detectors 

with complex bandgap structures; but despite the detector structure, they still use the 

fundamental theory of direct atomic interaction of light onto the lattice of the material to 

produce an electrical signal. [9] 

2.3 REFERENCE DETECTOR DESCRIPTIONS  

For the sake of simplicity, the two infrared detector samples that were used in this 

experiment have been labeled as Sample A and Sample B. Both strained-layer super-

lattice mid-wave infrared (MWIR) detectors have been grown at the Center of High 

Technology Materials (CHTM) as research-based structures for the Krishna detector 

group. While they were grown and fabricated at CHTM, their characteristics are 

different; therefore, brief descriptions of the physical characteristics of each sample are 

described. 
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2.3.1 Sample A: MWIR Strained-Layer Super-Lattice pBn Detector 

Sample A is a strained-layer super-lattice mid-wave infrared pBn detector structure 

with a variable area detector array mask to create detectors for single pixel measurement 

as shown in Figure 6.  

 

Figure 6: SAMPLE A - Mid-Wave Infrared Strained-Layer Super-lattice pBn Detector mounted on a 68 pin LCC 

and wirebonded out to LCC pads  

The pBn detector was grown at CHTM using the Veeco Gen10 Molecular Beam 

Epitaxy (MBE) and was fabricated in the CHTM clean room facilities. The individual 

layer descriptions are shown in Figure 7 below. 
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G16-003 pBn  

DETECTOR STRUCTURE 

 

SAMPLE A  

LAYER DESCRIPTIONS 

n+contact Layer 

 Top contact for structure  

Barrier Layer 

 Blocks carriers from recombining  

Absorber Layer 

 Lattice mismatch between p+ and 

Barrier corrected with this layer 

 Light absorption layer where holes 

are free to move from the absorber 

to the contact 

p+contact Layer 

 Hole transport through contact 

 Figure 7: Graphical Representation of Sample A G16-003 pBn Detector Layer Structure and Layer Descriptions 

The mask pattern was designed to be a variable area detector array to test multiple 

single pixel area sizes of the same detector material. Several device sizes were used 

throughout the testing phase to get an idea of the material’s uniformity. The device sizes 

used on the sample for this experiment were chosen based off of detector area: 100µm, 

175µm, 250µm, and 500µm. Since the mask pattern has a square aperture design for each 

device, each detector area can be calculated as the length squared. One final note, the 

detector cutoff wavelength is 5.1µm based off of the spectral response measurement 

plotted in Figure 8. A long-pass filter that was used in the responsivity measurement is 

also depicted in Figure 8 to show the spectral response of the filter relative to the spectral 

response of the detector; the filter data will be elaborated further in Chapter 4.  
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Figure 8: G16-003 MWIR SLS pBn Detector Spectral Response with 2.5um Long-Pass Filter 

2.3.2 Sample B: MWIR Strained-Layer Super-Lattice pin Detector 

Sample B is a strained-layer super-lattice (SLS) MWIR pin detector structure with a 

variable area detector array mask to create detectors for single pixel measurement as 

shown in Figure 9. 

 

Figure 9: SAMPLE B - Mid-Wave Infrared Strained-Layer Super-lattice pin Detector mounted on a 68 pin LCC 

and wirebonded out to LCC pads [20] 
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The pin detector was grown at CHTM using the CHTM Left-Hand-Side Molecular 

Beam Epitaxy (MBE) and was fabricated in the CHTM clean room facilities. The 

individual layer descriptions are shown in Figure 10 below. 

L12-56 pin  

DETECTOR STRUCTURE 

 

SAMPLE B  

LAYER DESCRIPTIONS 

p+Doped GaSb Layer 

 Top contact for structure 

Graded SLS Layer 

 Graded doping to improve carrier 

transport to the contacts  

NID Layer 

 Absorber layer   

Graded SLS Layer 

 Graded doping to improve carrier 

transport to the contacts 

n+doped SLS Layer 

 Bottom contact  

Figure 10: Graphical Representation of Sample B L12-56 pin Detector Layer Structure and Layer Descriptions 

The mask pattern was designed to be a variable area detector array to test multiple area 

sizes of the same detector material. Several device sizes were used throughout the testing 

phase to get an idea of the material’s uniformity. The device sizes used on the sample for 

this experiment were chosen based off of detector diameter length: 150µm, 200µm, and 

300µm. Since the mask pattern has a round aperture design for each device, each detector 

area can be calculated as the area of a circle. One final note, the detector cutoff 

wavelength is 3.2µm based off of the spectral response measurement of the detector in 

Figure 11. 
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Figure 11: L12-56 MWIR SLS pin Detector Spectral Response with 2.5um Long-Pass Filter 

 

2.4 CHARACTERIZATION 

Discussing the photodetector operation in detail brings about the question of the 

quality of the detector. Determining the quality of the detector includes testing it under 

various operating conditions it would typically undergo during its lifetime. 

Characterization, or determining the performance characteristics of the detector, consists 

of testing the detector using measurement tools to acquire parameters called Figures of 

Merit. Figures of Merit will be discussed later in Chapter 3, but generally they define the 

detector operation experimentally. Characterization is an important part of the infrared 

detector industry because it allows the community to quantify and compare sensor 
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performance to theoretical specifications or other device designs whose performance has 

been reported. For example, only thermal detectors should be compared with other 

thermal detectors because they have similar performance measures and belong to the 

same infrared detector family thus driving the different characterization techniques used 

for these detector regions. The following parameters are defined for use in this chapter: 

c = speed of light (3x108 m/s) 

kB = Boltzmann’s constant (1.38x10-23 J/K) 

h = Planck’s constant (6.6x10-34 J/s) 

P = power transferred 

ε = emissivity of the source (ideal = 1) 

ΔAs = incremental source area 

θs = angle between the line connecting the two surfaces and a perpendicular to the 

source surface  

ε = absorptivity of the collector or detector (ideal = 1) 

ΔAr = incremental receiver area (detector area) 

θs = angle between the line connecting the two surfaces and a perpendicular to the 

collector surface 

M (λ, T) = spectral exitance 

Δλ = spectral bandwidth of interest 

r = distance between the source and the detector 

τ = transmittance of all optics in optical path  

Ω = solid angle 

Eq = irradiance  
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Le (λ, T) = source radiance 

θ = field of view (FOV) angle 

F/# = F number 

2.4.1 Radiometry and Radiometric Measurements  

Radiometry is defined as the optical techniques used to determine the amount of 

radiation on the detector given the geometry of the optical system and the source’s 

radiative power. As a result, radiometry gives the ability to predict the electromagnetic 

power transfer between the source and detector. [10] The general equation to determine 

the prediction of power transfer is given as the Incremental Power Transfer equation: 

𝑃 =  (
(𝜀𝐴𝑠 cos 𝜃𝑠)(𝛼𝐴𝑟 cos 𝜃𝑟)

𝜋𝑟2
) 𝜏𝑀(𝜆, 𝑇) 

There are several geometric configurations in which a radiometric setup can be 

identified. The configurations most commonly used are: Extended Source, Point Source, 

and Finite Source. [9] All of these configurations depend on the geometry between the 

source and the detector. For this experiment, the radiometric configuration used to 

determine the source’s radiative power onto the detector is an extended source 

configuration as depicted in Figure 12. An extended source configuration is identified to 

have a Lambertian source, fully illuminating the detector where the limiting aperture is 

on the detector side of the radiometric setup.   
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Figure 12: Extended Source Radiometric Setup and Geometry Used for Extended Source Configurations [9] 

The equations used to describe the extended source measurements are as follows: 

Ω =  
𝐴𝑟

𝑟2
 

𝐸𝑞 =  𝜋𝐿𝑒 sin2 𝜃 =  
𝜋𝐿𝑒

4 (
𝐹
#)

2

+ 1

 

Radiometric measurements need to be very precise for a low error between the 

calculated value and the measured value. For example, if the distance measured between 

the detector and the source is not precisely or correctly measured, there will be an error 

between the calculated value and the measured value of the irradiance by a squared factor 

due to the solid angle calculation. A percent error that is squared can result in a large 

overall error, falsifying the quantitative characterization of the photodetector. One key 

element to radiometric measurements is the blackbody; a blackbody is a unique source 

that emits radiation at unity emissivity. A blackbody radiation curve is defined by 

Planck’s Law shown in the following equation and in Figure 13.  

𝐿𝑒(𝜆, 𝑇) =  
2ℎ𝑐2

𝜆5 (𝑒
ℎ𝑐

𝜆𝑘𝐵𝑇⁄
− 1)
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Figure 13: Planck's Law for Radiant Spectral Exitance vs Wavelength 

The culmination of figure of merit measurements will give the quantitative 

comparison between the two different cryogenic research test setups being pursued by 

this research.  

Special equipment and tools are required to complete photodetector characterization 

measurements. Most laboratory spaces have this equipment available because they are 

used in many measurement applications. For instance, a lock-in amplifier is used to 

measure the photodetector output. For this experiment, the characterization setups in 

Figure 14 were used to measure the photodetector dark current, spectral response, and 

responsivity. These characterization setups are generally used for all photodetector 

characterizations, but in some cases the photodetector specifications could dictate the test 

methods to be different. More discussion on the characterization setups can be found in 

Chapter 3.   
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Figure 14: Schematic of Typical Lab Setup to Measure Detector Performance through Figures of Merit [10] 

2.5 RESEARCH TEST SETUPS 

Characterizing the photodetectors appropriately required specific equipment to measure 

each device, known as cryogenic research test systems. This test equipment is well-

established and is used extensively in a variety of research and development 

environments when characterizing photodetectors. [10] While the cryogenic research test 

setups vary, the mechanics can be simplified to the structure of a Dewar. Dewars were 

first created by Sir James Dewar, who found that a vacuum-insulated flask could prevent 

cryogens (such as liquid nitrogen) from boiling off rapidly. [10] The components of a 

generic pour filled Dewar are seen in Figure 15, which shows how the vacuum chamber 

is used to protect the cryogens from the outside atmosphere and how the reservoir used to 

hold the liquid cryogens. To clarify, liquid cryogens are commonly known as purified 

gases in their liquid state at low temperatures. [21] A list of gases commonly used as 

liquid cryogens are listed in Table 2.  
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Table 2. Normal Boiling Point (NBP) Temperature of Cryogenic Gases at One Atmosphere Pressure [21] 

Cryogen (K) (°C) (°R) (°F) 

Methane 111.7 -161.5 201.1 -258.6 

Oxygen 90.2 -183.0 162.4 -297.3 

Nitrogen 77.4 -195.8 139.3 -320.4 

Hydrogen 20.3 -252.9 36.5 -423.2 

Helium 4.2 -269.0 7.6 -452.1 

Absolute zero 0 -273.15 0 -459.67 

 

Typically liquid nitrogen (77K – 295K) and liquid helium (4K – 295K) are used to 

cool down photodetectors for testing. Liquid oxygen (90K – 295K) may be used from 

time to time to achieve specific temperatures, however, is its rather expensive to procure 

ultimately making liquid nitrogen (LN2) the primary choice for the temperature range 

between 90K – 295K. 

   

Figure 15: Generic Dewar Vessel [22] (left) which shows the basic application of holding cryogens in their 

liquid states; Typical Cryostat Structure (right) shows the basic structure required to set proper environmental 

properties for a device under test at low temperatures 
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The Dewar configuration becomes more complex to accommodate a suitable testing 

environment for the devices under test, such as simulating space-like conditions where 

there is little to no atmosphere and temperatures are frigid due to the lack of atmosphere. 

Because the device under test can’t be in direct contact with the liquid cryogens for 

radiometric measurements, the Dewar’s vessel  is expanded by designing an open space 

to fit the device and its electronics which is typically known as the test chamber; this is 

the point in which the dewar becomes the cryogenic research test system. As seen in 

Figure 15 a schematic of a typical cryogenic research test system show a device under 

test and optical capabilities to complete radiometric measurements on the device.    

Some of the features in the figure can be further described to clarify their function 

within the test system.  

Cryostat Shields:  

The shields in the test system perform two functions – they 1) provide a chamber to 

thermally isolate the device under test from the outside radiation,  and 2) they provide a 

clean, dry atmosphere using the vacuum process. The outer vessel is created by the 

outmost shield or the 300K shield. It is usually populated with interconnect ports that are 

sealed with o-rings and potted connectors to provide a way for the user to interact with 

the test system electrically or mechanically. The chamber is evacuated with a turbo pump 

designed to extract any particles out of the chamber. This evacuation should go down to a 

preferable pressure of 1x10-5 atmosphere(atm, or0.0076 torr) in order to create the ultra-

high vacuum needed to test the detector safely. If the cryogenic research test system does 

not meet this pressure, moisture and other particles can be present in the test system, 

possibly contaminating the sample under test and degrading the test conditions.  
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Mounting surface:  

The devices under test are installed and strapped to a highly thermally conductive 

metal pedestal or a “cold finger” that is in direct thermal contact with the liquid cryogen 

reservoir. Usually a temperature sensor is fastened to the pedestal to notify the user of the 

operating temperature of the device during testing. A resistive heater is also installed to 

bring the pedestal up to the desired device operating temperature for the measurement. 

Optical window:  

In order to radiometrically characterize the devices, a port is needed to allow use of a 

controlled light source, such as a blackbody radiation source. The optical window or 

windows can provide optical axis capability to the system. The optical axis is defined as 

the direct invisible line strung out as the shortest distance between the device under test 

and the radiation source. As described earlier, the radiometry measurements will use the 

optical windows as components in the optical system to determine the distance, spot size, 

and transmission impacting the radiance projected onto the device under test. Various 

transmission windows are installed in these ports that block out any unwanted light and 

are selected based off of the transmission properties of the window material. This allows 

the user to customize the radiometry and optimize the test setup using a band pass 

approach of controlling the light entering the optical system.  

Cryogen reservoir:  

The vessel that holds the cryogens, which is thermally strapped to the pedestal, is the 

cooling mechanism for bringing these photodetectors down to low measurement 

temperatures. Since these photodetectors do not perform well at warmer temperatures, the 

reservoir needs to be able to provide enough cold to keep the detector at a uniform 
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temperature throughout the measurement. There are different avenues used to cool a test 

system, such as: closed-cycle coolers, continuous flow cryostats, and pour filled open 

reservoirs.  

2.5.1 Cryostat Test System 

 

Figure 16: Example of a Standard Cryostat Research Test Setup from Janis Research Co. [23] 

The first cryogenic research test system presented and used to characterize the 

detectors for this project is a well-established piece of equipment called a cryostat. A 

cryostat is a mechanical system built much like the typical cryogenic research test system 

as described above. This particular cryostat consists of four window ports in the outer 

shield, four smaller ports in the inner shield and a pedestal with a 68 pin leadless chip 

carrier (LCC) held in-line with the cryostat’s optical axis. The KYOCERA leadless chip 

carrier was purchased from Spectrum Semiconductor Materials, Inc. [24] [25] 
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2.5.2 Micro-manipulated Probe Station Test System  

 

Figure 17: Example of a Micro-manipulated Probe Station Research Test Setup from Janis Research Co. [26] 

The second cryogenic research test system is a more modern take on the cryostat as it 

is similar in function, yet the sample doesn’t have to be epoxied and wirebonded to a 

leadless chip carrier in order for it to be characterized.  

 

Figure 18: Close-up View of the ST-500 Micro-manipulated Probe Station Used as the Probe Station Research 

Test Setup Being Compared with the Cryostat Research Test System 

 

Figure 19: A Detector Sample Sits on the Sample Mount of the ST-500 Micro-manipulated Probe Station with 

Thermally Strapped Probes Off of the Sample and Out of Measurement Position 
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2.6 SUMMARY 

In this chapter, the infrared detector basics were introduced in detail. The wavelength 

correlation between the detector and the rest of the electromagnetic spectrum was 

presented by giving an overall explanation of the electromagnetic spectrum and the 

material characteristics of the reference strained-layer super-lattice mid-wave infrared 

(MWIR) detector samples used for this research. Characterization principles and 

measurement techniques were discussed along with general radiometry theory that covers 

the incremental power transfer equation, illustrating the energy transfer between the 

source and detector in a typical extended source radiometric system. Finally, the two test 

setups used for this work were presented in detail.    
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3 FIGURES OF MERIT 

Now that the physics and mechanics of typical photodetectors have been explained, 

we can continue to show how these photodetectors perform. In this chapter, the 

measurable parameters used to determine the quality of a photodetector are discussed in 

detail. These parameters are known as Figures of Merit, which enable the electro-optical 

community to compare the relative performance of different detectors on a standard unit 

basis. [9] The following parameters are defined for use in this chapter: 

q = charge of an electron (1.6x10-19 C) 

c = speed of light (3x108 m/s) 

kB = Boltzmann’s constant (1.38x10-23 J/K) 

h = Planck’s constant (6.6x10-34 J/s)  

τ = time constant 

η = quantum efficiency  

f = chopping frequency  

R(λ) = wavelength dependent responsivity (A/W) 

Iphoto = amplitude of the signal measured by the network analyzer (A) 

Adet = detector area (cm2) 

Abb = blackbody area (cm2) 

r = distance between the detector and blackbody source (cm) 

λ, λcutoff = wavelength (µm) or detector cutoff wavelength (µm)  

Me,λ = blackbody spectral radiance as a function of wavelength and temperature 

RR(λ) = relative spectral response (also known as normalized spectral response)   
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Eq = incident photon flux density (irradiance) (photons/s-cm2) 

G = 1; photodetector gain is equal to unity for simplicity 

Dn,Dp = minority carrier electron/hole diffusion coefficient (cm2/s)  

np,pn = minority carrier electron/hole concentration  (cm-3) 

Ln,Lp = minority carrier electron/hole diffusion length (cm) 

3.1 DARK CURRENT 

The dark current of a photodetector is one of the most basic measurements to 

demonstrate initial performance and overall quality. Dark current is described as the 

current measured across the detector when no incident light or radiation is exciting the 

detector material. This is also called reverse saturation current in some literature because 

the dark current is usually observed when the detector is being operated with a reverse 

bias voltage applied. [9] The lack of incident light on the detector minimizes the optical 

performance of the detector material, exposing the noise influences on the overall signal 

due to the random generation and recombination occurring in the depletion region of the 

detector. [27] This limiting factor of performance can also be influenced by the radiation 

caused by the surrounding environment’s temperature, as well as material defects in the 

detector. [27] The expressions for dark current are described below:  

𝑖 = 𝑖0(𝑒
𝑞𝑉
𝑘𝑇 − 1) 

𝑖0 = 𝑞 (
𝑛𝑝𝐷𝑒

𝐿𝑒
+  

𝑝𝑛𝐷ℎ

𝐿ℎ
) 𝐴𝑑 

The method for attaining the detector dark current is to measure the current versus 

bias voltage. As seen in Figure 20, the current-voltage (I-V) curve shows where the dark 
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current is measured under reverse bias voltage and forward bias conditions. This is done 

by grounding the bottom contact of the detector and applying the voltage bias across the 

detector with the top contact. The dark current can be described as the current between 

the 0V and the measured curve in the reverse bias section of the graph.  

 

Figure 20: Photodiode current-voltage (I-V) curve with and without incident radiation [9] 

The I-V curve can be collected using both the cryostat research test setup and the 

micro-manipulated probe station test setup as shown in Figure 21 and Figure 22. The 

cryostat research test setup uses the cryostat (cooled with the closed-cycle LHe 

compressor), a temperature controller to control the sample or detector temperature of 

77K, and a parameter analyzer to source the bias voltage to the two sides of the detector 

and read the current across the detector simultaneously.  

 

Figure 21: Dark Current Measurement Setup for Cryostat Test Setup 

The micro-manipulated probe station test setup measures the dark current using the 

probe station as a continuous flow of LN2 cools the sample down to 77K, a temperature 
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controller to control the sample temperature, and a source measure unit to source the bias 

voltage to the detector while measuring the current across the detector.  

 

Figure 22: Dark Current Measurement Setup for Micro-manipulated Probe Station Test Setup 

3.2 SPECTRAL RESPONSE 

The spectral response of a detector is a spectrum of the material’s molecular 

absorption and transmission over a wavelength range. [28] This spectral curve 

information is used for responsivity measurements by using the curve to normalize the 

responsivity of the detector material. It is also known as relative spectral response RR(λ) 

or normalized spectral response.  To complete this measurement, the material is cooled 

and the sample detector is connected to a trans-impedance Amplifier (TIA) to amplify the 

signal. The detector is then biased using the Fourier Transform Infrared (FTIR) 

spectrometer interface box to take the spectral response at various bias voltages if 

desired. The sample is subjected to infrared radiation directed by a mirror from the FTIR 

spectrometer, and the resulting response curve is reported in % transmission in a 

computer program used to control the FTIR. [29]  
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The cryostat spectral response setup is identified in Figure 23. The cryostat was the 

only test setup used for this measurement because it was not possible to measure this 

parameter with the probe station due to the top-view optical window port on the probe 

station. The detector samples were cooled to 77K for this measurement and were 

operated at a 0V voltage bias.  

 

Figure 23: Spectral Response Measurement Setup for Cryostat Test Setup [20] 

3.3 RESPONSIVITY  

The responsivity of a photodetector is another basic measurement to determine the 

material’s initial quality and performance. This parameter defines how the incident light 

coming into the detector’s field of view is absorbed and converted to an electrical signal 

at the output of the detector. [9] The input versus output correlation is usually described 

as a current measurement in amperes per watt, to signify the amount of power output 

converted from radiant optical power input. It can also be described in other units such as 

photons per second per centimeters squared. Here are the general equations used for 

current responsivity:  



 

33 

 

𝑅𝑖(𝜆, 𝑓) =
𝜂𝜆𝑞

ℎ𝑐√1 + (2𝜋𝑓𝜏)2
𝐺 

Rλ=
Iphoto

 (Abb) (
Adet

r2 )  (∫ Me,λ(λ,T)RR(λ)dλ    
λc

0
)

(𝐴
𝑊⁄ ) 

The output responsivity of a detector is calculated given the incident photon flux of 

the calibrated blackbody being used, which depends on the blackbody temperature. The 

radiometric characterization setup that was pointed out earlier in Chapter 2 is considered 

during responsivity measurements due to the power transfer from source to sensor. While 

the extended source configuration has the limiting aperture at the detector, there is still 

room for error when conducting the setup for this measurement, so taking the time to set 

up the equipment correctly will bring more accurate results.  

Measuring responsivity is very similar to the dark current measurement. First, the 

cryostat measurement test setup is fitted with equipment such as optical filters, optical 

choppers, and windows to keep the broadband infrared radiation from influencing the 

measurement. The cryostat is again cooled and the control sample temperature is set to 

77K. The sample detector is biased with the trans-impedance amplifier (TIA) while 

receiving a sufficient gain from the TIA to strengthen the signal. The measurement is 

conducted with a network analyzer, and the measured photocurrents are processed using 

a MATLAB script to account for the measured relative spectral response, distance, 

detector area, blackbody temperature, sample temperature, etc. The responsivity results 

are plotted against voltage bias.   
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Figure 24: Responsivity Measurement Setup for Cryostat Test Setup [20] 

The probe station test setup is similar to what was depicted for the cryostat research 

test setup with a couple of exceptions as seen in Figure 25. The detector still cools to 77K 

and is stabilized with a temperature controller, the chopping frequency stays at 400Hz, 

and the TIA still amplifies the signal. However, a lock-in amplifier replaces the network 

analyzer as the apparatus for collecting the photocurrent measurements. A notable 

difference is also the laser power source, which has the ability to pump 980nm laser light 

into a fiber optic to use as a radiation source for the responsivity measurement. Because it 

wasn’t a blackbody like the other setup, this setup was deemed to not fit the scope of the 

research, therefore the measurement was only used for verification purposes.   

 

Figure 25: Responsivity Measurement Setup for Micro-manipulated Probe Station Test Setup 
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3.4 QUANTUM EFFICIENCY 

Quantum efficiency is the number of photons incident on the detector’s active area to 

the number of independent electrons generated. The quantum efficiency is extracted from 

photocurrent measurements done using the responsivity measurement setup using the 

equation:  

Iphoto = ηqAdetEq 

This parameter gives a percentage describing the efficiency of the conversion 

process of received photons to free electron hold pairs. [30] Again, this parameter was 

used to verify that the photocurrent was indeed different than the dark current 

measurements due to the responsivity measurement setups being dissimilar from one 

another.The results for both responsivity and quantum efficiency are reported in the 

results in Chapter 4.   

3.5 OTHER FIGURES OF MERIT 

Other Figures of Merit used for infrared detector characterization are noted here to 

complete the characterization of infrared detectors discussion. These Figures of Merit 

were not considered to be reportable results for this work because they were either 

irrelevant to single pixel detectors or immeasurable due to equipment and time 

constraints.  

Detectivity is a calculated parameter that normalizes the detector sensitivity to a 

1cm2 area detector and a 1Hz noise equivalent bandwidth. This is used for comparing on 
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a common baseline, however, the comparison in this research was between the test setups 

and not the detectors themselves. [9] 

The Noise Current or NEP (Noise Equivalent Power) can be defined as the minimum 

radiant-flux level a detector can recognize due to its own noise level – meaning the input 

power must be above the noise current to be distinguished. [9] This measurement was not 

completed because of the unfamiliarity of the noise measurement setup and equipment 

necessary to complete the measurement in an accurate and viable manner.  

Noise Equivalent Temperature Difference (NETD) of a detector represents the 

temperature change due to the incident radiation upon the detector where the output 

signal is equal to the root mean squared noise level. [31] Noise Equivalent Temperature 

Difference (NETD) was not considered because it is typically used for infrared focal 

plane arrays; this measurement is not typically used as a Figure of Merit for single pixel 

detectors because there is too much variance between each pixel to be able to compare 

this parameter accurately. NETD was also not considered because there is no difference 

between the array measurement and the single pixel measurement other than system noise 

influence such as ROIC noise. [31] This is especially irrelevant at the pixel level, because 

there are other factors of noise dominating the detector’s performance found at the single 

pixel level that are not dominant on a larger scale array. 

3.6 SUMMARY 

This chapter presented the relevant Figures of Merit considered for measuring the 

single pixel mid-wave infrared strained-layer super-lattice materials being used for this 

project. For each Figure of Merit basic definitions were listed to help grasp each concept 
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including: 1) a brief description of the parameter’s function and importance; 2) equations 

supporting the description; and 3) how the parameter was measured on each detector 

using the test setups described. It also touched on other Figures of Merit that are 

important to mention, however, were not measured or calculated for this research. The 

general arrangement of equipment used to test and measure the detector for both the 

cryostat research test setup and the micro-manipulated probe station test setup were 

presented as reference for the experimental setup of measuring each of these Figures of 

Merit. With the results from these Figure of Merit measurements performed by each of 

the test setups, we will be able to conclude how each setup performs and compare them 

with quantifiable data to prove how similar the micro-manipulated probe station is to the 

cryostat.   
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4 RESULTS & DISCUSSION 

The two research test setups were compared using measurement data from two 

different mid-wave infrared detector samples. These samples were described in Chapter 2 

as single pixel detectors with either a pin MWIR architecture or a pBn MWIR single 

architecture. Each of the samples were installed in no particular order into the first 

research test setup, characterized by measuring the I-V characteristics in both dark and 

illuminated conditions at incremented operating temperatures, then were measured again 

using the second research test setup. Multiple iterations of the experiment were 

conducted and all results proved to be consistent as each iteration was compared to one 

another. The results presented in this chapter are of the data collected during one iteration 

of the experiment, which included the series of radiometric measurements listed in Table 

3. The physical test setup conditions between the two sample measurements were kept as 

consistent as possible to provide confidence the two measurements could be compared to 

one another without imposing caveat effects onto the results. This included critical items 

such as:  

 Keeping control of the sample temperature using a temperature controller. The 

control temperature sensor was installed on the sample mount located as close as 

possible to the sample for precise temperature measurement. [10] 

 Evacuating the research test setup to a low vacuum of at least 1x10-5 atm to 

provide a suitable environment for cooling the sample with liquid cryogens. [32] 

 Documenting time between measurements to assure the sample temperature has 

stabilized after each temperature increment. 
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Great care was taken to complete each Figure of Merit parameter test in a similar 

process to preserve the integrity of the data. The physical sample structures were 

specifically chosen to be a secondary variable of the experiment, to observe the variations 

between different semiconductor mid-wave infrared detector structures using different 

research test setups. This allows each individual experiment done on one of the samples 

to be able to stand alone while still comparing the two research test setup results and 

performance. 

The testing matrix in Table 3 was used to keep track of the radiometric 

measurements taken on each sample with each research test setup. It was also used to 

document the results.  

Table 3. Radiometric Measurement Testing Matrix 

 Sample A Sample B 

Probe Station 
Dark Current (various temps) 

Responsivity (77K) 

Dark Current (various temps) 

Responsivity (77K) 

Cryostat 

Dark Current (various temps) 

Responsivity (77K) 

Spectral Response (77K) 

Dark Current (various temps) 

Responsivity (77K) 

Spectral Response (77K) 

 

These detector measurements were chosen to display the sample results because they 

were simple and repeatable; however the results are focused on highlighting the dark 

current measurements. Dark current was measured for all test cases because dark current 

is the most fundamental measurement taken to determine the quality of an infrared 

detector and was treated as the key measurement to determine the quantifiable differences 

between the cryostat setup and the probe station setup. [9] The current-voltage 
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measurements were completed using the equipment specified in the Figures of Merit 

discussion of dark current for each of the research test setups.  

While responsivity was measured as described in the Figures of Merit section, it was 

only used to verify the dark current measurements by giving confidence in the 

measureable difference between dark current and photo current. A long pass filter with a 

2.5µm cutoff wavelength was used during the responsivity measurement to block a 

broadband measurement from occurring. The filter spectral response is shown in both 

sample spectral response plots in Chapter 2 - Figure 8 and Figure 11 to point out the 

effect of the filter on the sample spectral response during responsivity measurements. 

Spectral response was measured to also verify each sample was indeed responsive to the 

mid-wave region of the infrared spectrum as describe in Chapter 2. The resulting 

confirmation showed the measured photo current was much higher than the measured 

dark current, which was not an expected outcome. The other figures of merit 

measurements had expected outcomes where each sample’s spectral response indicates 

the detector’s operating region is in the mid-wave infrared with cutoff wavelengths equal 

to 5.1µm and 3.2µm respectively. The average responsivity and quantum efficiency 

results for the Cryostat research test setup at a bias of -0.5V show a responsivity of 

2.3A/W for Sample A and 0.45A/W for Sample B; and quantum efficiency of 59% for 

Sample A and 22% for Sample B. These results were comparable to other measurements 

done using the same samples for other projects.  
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4.1 SAMPLE A RESULTS 

4.1.1 Dark Current Density versus Temperature 

For Sample A, the pBn detector dark current was measured versus bias voltage at a 

number of temperatures. Based off of the detector area, the dark current density was 

calculated and plotted versus voltage bias for each temperature. The dark current density 

can be calculated using the measured current and dividing it by the detector area, giving a 

unit of A/cm2. The voltage bias range used for the I-V measurements covered from -2V 

reverse bias to +2V forward bias. The temperature range used for the I-V measurements 

extended from 77K to 295K (or room temperature) in increments of about 50 degrees 

Kelvin. Multiple detector sizes were measured on each of the variable area detector 

arrays. The device size length on Sample A indicates the individual device aperture size, 

which can be calculated as (100µm side) 2 =1x10-8µm2 aperture area. For the sake of 

simplicity, only the 175µm2 aperture size dark current measurements are shown for the 

dark current density results displaying the various I-V curves at each temperature for 

Sample A.  Results from both research test setups for the dark current density versus 

temperature can be found in Figure 26 and Figure 27.  
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Figure 26: Dark Current Density versus Temperature of Sample A using the Cryostat Research Test Setup 

 

Figure 27: Dark Current Density versus Temperature of Sample A using the Probe Station Research Test Setup 
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The cryostat research test setup results show that the detector dark current for 

Sample A was reaching a minimum of about 50 nA/cm2 at a near 0V bias voltage at a 

temperature of 77K. This reached up to a minimum dark current of 1mA/ cm2 at room 

temperature. The probe station test setup results show that the detector dark current 

reached a minimum of about 10 µA/cm2 near the 0V bias voltage at a temperature of 

77K. This reached up to a minimum dark current of 0.7mA/ cm2 at room temperature.  

Comparing the two minimums, we can observe immediately that there is a large 

difference between the two test setup measurements using the same sample. 

4.1.2 Comparison of Dark Current Results  

Comparing the dark current density measurements between the cryostat test setup 

and the probe station test setup, the dark current density data for Sample A trended 

perfectly between the two setups over the higher temperature current-voltage curves. The 

trend continued as the temperature decreased to 200K; but a discrepancy between the 

linearity of the data occurred between 200K and 150K. Figure 28 plots the two data sets 

over all temperatures up to 200K and includes a close-up image of the observed 

separation between them at 150K. This indicates that there is a measurable difference 

between the cryostat test setup and the probe station test setup due to the fact that both 

measurements were taken with the same testing parameters including the same sample 

structure – Sample A.  



 

44 

 

 

Figure 28: Comparison of Probe Station and Cryostat Dark Current Density versus Voltage Bias Sample A 

Results using Temperature Range from 77K to 200K. Separation of Dark Current Density between 150K data and 

200K is plotted. 

The current-voltage curves continued to show the separation as the temperature 

decrease to 77K. The characterization measurement results from the probe station test 

setup were not expected because the probe station test setup is claimed to have the ability 

to accurately measure dark current at such low temperatures. It was determined further 

investigation into why this might be occurring needed to be addressed. The second 

sample helped to answer this question by determining if this was a systemic issue with 

the probe station test setup or if it was an issue with the detector sample being used for 

these radiometric measurements.  

4.2 SAMPLE B RESULTS 

4.2.1 Dark Current Density versus Temperature 

The pin detector dark current for Sample B was also measured at a number of 

temperatures exactly the same way as Sample A. The dark current density was again 
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calculated based off of the detector area size of the measured single pixel detector and 

was plotted versus each temperature. The temperature range used for the Sample B 

measurements extended from 77K to 295K (or room temperature) in increments of about 

50 degrees Kelvin. The voltage bias used ranged from -2V reverse bias to +2V forward 

bias. Multiple detector sizes were measured, but only the 150µm dark current density 

measurements are shown to give a general outlook on the behavior of the dark current 

density of Sample B. I-V characteristic results from both research test setups for the dark 

current density versus temperature can be found in Figure 29 and Figure 30. 

 

Figure 29: Dark Current Density versus Temperature of Sample B using the Cryostat Research Test Setup 
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Figure 30: Dark Current Density versus Temperature of Sample B using the Probe Station Research Test Setup 

The cryostat research test setup results show that the detector dark current for 

Sample B was reaching a minimum of about 10 nA/cm2 at a near 0V bias voltage at a 

temperature of 77K. The probe station test setup results show that the detector dark 

current reached a minimum of about 1 µA/cm2 near the 0V bias voltage at a temperature 

of 77K. This increased to a minimum dark current of 0.1mA/cm2 at room temperature. 

Comparing the two minimums, we can again observe that the difference between the two 

test setup measurements using the same sample is large resulting in a two magnitude 

separation. 

4.2.2 Comparison of Dark Current Results  

For Sample B, the dark current density I-V characteristic measurements at different 

temperatures between the cryostat test setup and the probe station test setup were 
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compared resembling the previous comparison of the measurements from Sample A. The 

dark current density over the same temperature range between 77K and 200K showed a 

very similar outcome to the relationship discussed for Sample A. Again, the dark current 

density data trended similarly between the two setups over the higher temperature 

current-voltage curves for Sample B as well as Sample A. The trend continued as the 

temperature decreased to 200K and a discrepancy is observed between 200K and 150K as 

the two data sets were plotted together. Figure 31 plots the two data sets over all 

temperatures up to 200K and includes a close-up image of the observed separation at 

150K. This suggests that there is also a similar measurable difference between the 

cryostat test setup and the probe station test setup using Sample B, which is a completely 

different structure than Sample A.

 

Figure 31: Comparison of Probe Station and Cryostat Dark Current Density versus Voltage Bias Sample B 

Results using Temperature Range from 77K to 200K. Separation of Dark Current Density between 150K data and 

200K is plotted. 

The current-voltage curves for Sample B continued to show the separation as the 

temperature decreased to 77K similar to the behavior seen in the Sample A results. An 

interesting phenomenon was discovered in the Sample B comparison plot between the 
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100K I-V curve and the 77K I-V curve. The 100K and 77K probe station dark current 

density I-V characteristic curves are almost identical to one other for a 25K temperature 

difference. According to the radiometry principles discussed earlier, the same current at 

two different temperatures is not possible and this could only mean that the sample 

temperature is the same for both of these I-V curve measurements. Recognizing the 

Sample B results echo the observations seen by the dark current density measurements in 

Sample A determines this inconsistency was a systemic issue with the probe station test 

setup while taking these radiometric measurements. 

4.3 RESULTS AND DISCUSSION OF LOW TEMPERATURE DARK CURRENT  

Below 150K, the dark current in the micro-manipulator probe station test setup was 

higher than the cryostat test setup. There are two possible explanations for the 

discrepancy in the dark current. One theory points to the background illumination in the 

probe station, and the other theory is inadequate thermal contact causing a thermal offset. 

After completing some diagnostic measurements, it was found that the cause of the 

discrepancy was the thermal offset between the micro-manipulator probe station sample 

mount temperature and the temperature of the LCC carrying the sample. This could be 

occurring because of a mismatch of coefficient of thermal expansion (CTE) that led to the 

delamination of the LCC from the sample mount due to the inadequate thermal contact 

between the two surfaces because of improper mounting techniques.  

The evidence collected to determine the cause of this separation was completed with 

an additional temperature study to elucidate the discrepancy between the cryostat test 

setup and probe station test setup. The temperature study consisted of installing Silicon 
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temperature sensor diodes in three key locations within each test setup to monitor the 

surface temperature as the entire test system was cooled with the appropriate cryogens. 

The standard Silicon temperature sensor diodes purchased from Lake Shore Cryotronics 

were placed in the following locations:  

 Shield Temperature – On the surface of the test setup inner shield, which is 

the shield around the sample creating the inner chamber. 

 Sample Mount Temperature – On the sample mount, which is also the same 

location as the temperature sensor being sampled by the feedback loop of the 

temperature controller PID for sample temperature control.  

 Sample Temperature – On an LCC simulating the location of the sample.  

The temperature sensors installed in the sample mount and shield locations used 

mounting techniques such as: adding thermal grease between the diode and the surface, 

fastening the diode to the surface with a screw and washer, and wrapping the diode in 

aluminum foil tape to promote thermal contact with the surface being measured. 

For the sample location, the diode needed to simulate the location of the sample. An 

image of the temperature sensor installed on the LCC is shown in Figure 32(a). The 

pictured LCC is the same LCC used to mount and carry the detector samples previously 

described in Chapter 2. The Silicon temperature sensor was mounted onto the LCC with 

silver epoxy to permanently affix it in the same manner as the sample mounting scheme. 

The bobbin packaged Silicon temperature sensor has four connecting wires, two on the 

anode side and two on the cathode side of the diode, as seen in Figure 32(b) to separate 

the current and voltage electrodes to reduce the contact resistance from the measurement, 

thus making a more accurate resistance measurement. [33] The temperature sensor uses 
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the DT-670 standard voltage versus temperature response curve provided by Lake Shore 

Cryotronics to interpret the voltage to temperature conversion in the temperature 

controller to report the correct temperature result. [33]  

   

Figure 32: (a) KYOCERA 68-pin LCC with Silicon Temperature Sensor Bobbin Installed using Silver Epoxy    

(b) Schematic of Silicon Temperature Sensor Two-Lead Measurement Scheme using 4-wire Sensor Connector 

 The Silicon temperature sensor diodes were directly measured by two types of 

temperature controllers, a Lake Shore Cryotronics 330/331 Temperature Controller and a 

Scientific Instruments 9700 Temperature Controller. The LCC with the temperature 

sensor installed on it would be installed in each test setup like the sample was installed. 

The LCC temperature sensor was functionally validated by reading the temperature on 

the temperature controller when the sensor was connected to the temperature controller. 

The test setup was closed and evacuated to the proper atmosphere and the temperature 

sensors were validated one more time. The measurement then started by taking data from 

all three sensors with a GoPro camera every five minutes or manually every three 

minutes while the test setup is cooling. The resulting data for both test systems are found 

in sections 4.3.1 and 4.3.2.  

 



 

51 

 

 

4.3.1 Thermal Cycling Results of Cryostat Research Test Setup 

For the cryostat test setup, the test process described in the previous section was used 

to conduct the cool down procedure for the temperature study. The Silicon temperature 

sensor diodes were measured using the two Lake Shore Cryotronics Temperature 

Controllers, model numbers 330 and 331. The LCC with the temperature sensor installed 

on it was installed in the LCC sample holder according to the Figure 33.  

  

Figure 33: KYOCERA 68-pin LCC with Silicon Temperature Sensor Bobbin Fastened into Cryostat Test Setup 

LCC Holder and Sample Mount 

The test setup was closed and evacuated to the proper atmosphere and the 

temperature sensors were validated before commencing the cool down of the cryostat test 

setup. Data was taken from all three sensors manually (by hand) every three minutes 

while the test setup cooled down until the 77K sample temperature was reached. 

The results for the cryostat research test setup temperature study are presented as a 

plot showing temperature versus time in minutes in Figure 34. 
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Figure 34: Cryostat Research Test System Cool Down Temperature Measurement Over Time. Observed Normal 

Behavior for All Surfaces. 

As expected, the temperature results show all locations within the cryostat test setup 

are cooling at the same rate with the closed-cycle LHe compressor being used to cool the 

sample mount and shield. The sample temperature reached the setpoint temperature of 

77K within an hour, thus showing that the cryostat cool down behavior is normal. [23] 

Another note to point out, the temperature of the sample LCC quickly reached the same 

temperature as the sample mount and stayed close to the sample mount temperature as it 

settled to the setpoint temperature of 77K. This evidence brings confidence that the epoxy 

holding Silicon temperature sensor succeeded in keeping the temperature sensor fastened 

onto the LCC as the unit was cooled, thus ruling out the epoxy being a possible surface 

where the separation is occurring.  
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4.3.2 Thermal Cycling Results of Probe Station Research Test Setup  

The micro-manipulated probe station test setup went through several temperature 

cool down/warm up cycles to document the behaviors observed in the temperature data. 

Like the cryostat test setup, the test process described in the previous section was used to 

conduct the cool down procedure for the temperature study. The Silicon temperature 

sensor diodes were measured using the same Lake Shore Cryotronics 330 Temperature 

Controller for the LCC sample temperature sensor from the cryostat test setup 

measurement as well as the Scientific Instruments 9700 Temperature Controller for the 

other two temperature sensor diodes. The LCC with the temperature sensor installed on it 

was placed on the LCC sample holder according to Figure 35 as the equivalent 

configuration used during the dark current measurements.  

 

Figure 35: KYOCERA 68-pin LCC with Silicon Temperature Sensor Bobbin Installed on the Probe Station Test 

Setup Sample Mount using Thermal Grease 

The test setup was closed and evacuated to the proper atmosphere and the 

temperature sensors were validated before starting the cool down of the probe station test 
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setup. Data was taken from all three sensors with a GoPro camera every five minutes 

while the test setup cooled down. Temperature results show the probe station was cooling 

overall as a system, however, the sample temperature never reached the 77K setpoint 

temperature. Therefore, the measurement was taken as long as possible to show what the 

sample temperature was able to reach in the time frame of the study.  

The overall results for the probe station test setup temperature study are presented as 

a plot showing temperature versus time in minutes in Figure 36 depicting a full thermal 

cycle of the probe station test setup. Interestingly enough, the probe station test setup did 

not follow the normal linear cool down behavior like the cryostat test setup did.  

 

Figure 36: Full Temperature Cool Down and Warm Up on Probe Station Test Setup 

A zoomed in plot of the cool down period of the temperature study shown in Figure 

37 give some hints as to what is occurring during the cool down of the probe station test 

setup. As the system is cooled with the continuous flow of liquid nitrogen (LN2), typical 
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cool down physical attributes seen during large cryogenic Dewar cool down 

measurements are observed between the sample, sample mount, and the shield. [34] The 

sample mount is directly cooled with the LN2 through the reservoir port, making it the 

fastest object being cooled in the system. The sample temperature should, and does, 

follow closely behind the sample mount temperature because the sample mount is usually 

the closest place to the sample being probed for temperature measurement and control to 

reference the sample’s temperature non-invasively. The shield trails behind the other two 

temperature locations because the shield is a larger thermal load for the LN2 to 

accommodate. What is different from typical cool down curves is the change in sample 

temperature seen at the “Change #1” marker at 200K on Figure 37. The sample 

temperature starts to increase sharply at about 200K while the rest of the system 

continues to decrease in temperature. After 230K, the sample temperature plateaus and 

starts to decrease with a new yet similar slope parallel to the shield temperature slope or 

rate.  

 

Figure 37: Probe Station Test Setup Cool Down Where Delamination Occurs at 200K 
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According to literature, a simple explanation for this event could be the result of a 

thermodynamics principle called heat transfer. Heat transfer utilizes the first law of 

thermodynamics, which states that energy can neither be created nor destroyed, only 

converted from one form to another, to describe the transfer of thermal energy between 

systems. [35] Multiple modes of heat transfer could be occurring during the cool down 

process such as conduction, convection, or radiation. [35] However, in order to 

understand if this temperature measurement was not a singular event and a result of heat 

transfer traits, the probe station test setup temperature needed to be monitored again to 

determine if the event stays consistent and repeatable. 

This drastic temperature change can be seen in a repeated measurement as shown in 

Figure 38 with a similar temperature increase at 200K. In fact, several changes were 

observed during the second cool down measurement pointed out by “Change” markers on 

Figure 38. While the simple heat transfer theory would suffice for the first case at 

“Change #1”, other cases within the curve would need more complex explanation due to 

the number of variables possibly influencing the curve behavior due to thermodynamics 

theory. Nonetheless, the overall trend between the two measurement iterations shows that 

there is a thermodynamic heat transfer occurring at a point around a system temperature 

of 200K where the sample temperature shows that there is a thermal influence on the 

sample that has changed it from a conductive heat transfer mode to a convective heat 

transfer mode.  
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Figure 38: Probe Station Test Setup Cool Down Measurement #2 

When the sample starts being cooled, the slope between the sample temperature and 

the sample mount temperature are the same – this region could be labeled as conductive 

heat transfer because the two surfaces are influencing one another as they vibrate against 

one another’s neighboring particles due to thermal contact. Conduction heat transfer is 

the most common method of heat transfer between solid objects in thermal contact. [35] 

The slope then changes at the point of interest, which could indicate that the mode has 

moved to convective heat transfer due to some change in the system. The system change 

could be that the two surfaces are no longer able to influence one another because they 

are no longer in good thermal contact. Thermal contact between the sample mount and 

the sample LCC surfaces is a key point in the system setup of the probe station as seen in 

Error! Reference source not found. because the main cooling method of the sample is 
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subjected to being in direct contact with the surface of the sample mount that is being 

cooled by the liquid nitrogen.  

 

Figure 39: Cartoon Depicting the LCC Surface and the Probe Station Sample Mount Surface During Cool Down 

Thus the heat flow between the two objects needs to be studied – known as the 

thermal contact conductance. [36] When two surfaces share an interface, the heat flow is 

directly related to the thermal conductivities (ability to conduct heat) of the two systems 

in contact by defining the heat transfer or heat flow as: 

𝑞 =  −𝑘𝐴
𝑑𝑇

𝑑𝑥
 

q = heat flow 

k = thermal conductivity 

A = cross-sectional area 

𝑑𝑇

𝑑𝑥
 = temperature gradient in the direction of flow 

Taking a close look at the equation, the heat flow is directly related to the thermal 

conductivities of the surfaces in contact. [36] Since the thermal conductivities are 

constants defined by the material properties of the two surfaces in thermal contact, the 
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linearity of the data can be related to these constants to show there is a possibility for the 

two surfaces to become disconnected from one another, losing the thermal contact needed 

to stay at the same temperature.  

The material properties for the sample LCC and the probe station test setup were 

located in documentation pertaining to each system to make the comparison previously 

discussed. The thermal conductivity for ceramic leadless chip carriers used for mounting 

the samples used in this experiment is 14 W/mK. [25] The coefficient of thermal 

expansion (CTE) for ceramic leadless chip carriers used for mounting the samples used in 

this experiment is 7.1ppm/K (parts per million/Kelvin). [25] Examining the sample 

mount on the probe station test setup, the mount is made of solid copper with a nickel-

gold alloy plating coating the copper, commonly called electroplated copper. The thermal 

conductivity for this particular setup is about 450 W/mK [37] while the coefficient of 

thermal expansion is well-defined at 15ppm/K because it is a very common material. [38] 

We can see that the difference in thermal conductivity and coefficient of thermal 

expansion for each of these materials is grossly mismatched, giving evidence that the 

systemic temperature changes between them while in thermal contact could shift them to 

disconnect after enough of a gap in between the two temperatures has occurred.  

One element in the thermal system stack up that needs to be mentioned is the thermal 

grease located in between the sample and the sample mount in the Figure 39 for the probe 

station test setup. The sample was installed onto the probe station sample mount using 

only thermal grease called Apiezon N Grease as pictured in Figure 19. [39] Apiezon N 

Grease is a thermally conductive grease (thermal conductivity of +300 W/mK) that can 

perform well at very low temperatures, such as LN2. Therefore we can view the thermal 
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grease as an extension of the high thermal conductivity of the sample mount in the 

system stack up because they are similar in thermal conductivity. However, according to 

literature findings the N Grease is pliable at room temperature, but solidifies at cryogenic 

temperatures. Grease solidification is claimed to allow for easy mounting and removal of 

sensors, but it does not say if there is an adequate amount needed for assurance the grease 

will not separate from surfaces during the solidification process. [39] There is a 

possibility that the amount of applied thermal grease is more important than previously 

thought where not enough thermal grease without the proper clamping of the sample 

could degrade the thermal contact by separating the two surfaces instead of holding them 

together in good thermal contact. 

No metallic tabs or screws were used to keep the sample in good thermal contact 

with the sample mount. Not fastening the sample down to the mount allowed for a 

thermodynamic mechanism called delamination to affect the physical connection 

between the sample and the sample mount shown in Error! Reference source not 

found.. Delamination is described as the failure mode in which two surfaces once in good 

thermal contact became separated due to a large change in temperature between the two 

surfaces. [40] The point of interest indicated as “Change #1” in Figure 37 and Figure 38 

where the heat transfer mode changes can be called the delamination point. The 

delamination seen in the temperature measurements can be claimed as main conclusion 

using the accumulated evidence as to why the dark current measurements taken with the 

probe station test setup were higher than the dark current measurements taken with the 

cryostat research test setup.  
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Once the heat transfer change of the system was identified as the delamination of the 

sample LCC from the sample mount surface, further measurements were conducted to 

prove that the separation can be prevented so that the thermal contact of the two surfaces 

stays connected. The most recent cool down measurements taken on the probe station are 

presented in Figure 41.  

The temperature measurement was conducted as previously described for the probe 

station test setup with one exception – the sample LCC was fastened to the sample mount 

as depicted in Figure 40Figure 41. The temperature of the sample, sample mount and 

shield were taken. The temperatures of the probe station test setup were not monitored for 

as long as the previous measurement, but the cool down was monitored until the sample 

mount temperature reached the setpoint of 77K. 

 

Figure 40: LCC installed in Probe Station with fastener washers and screws 

The LCC fastener configuration shown in Figure 40 kept the LCC in good thermal 

contact with the sample mount and caused a similar result in the probe station test setup 

that was previously illustrated in the cryostat measurement data given in Figure 34.  
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Figure 41: Temperature Cool Down with LCC Fastened to Sample Mount 

This proves that the delamination between the sample LCC and the sample mount 

did occur and can be mitigated through proper fastening of the sample to the sample 

mount.  

4.4 CONCLUSIONS 

It has been demonstrated through this research that wafer level integration is possible 

using a probe station measurement technique on photodetectors. This was demonstrated 

at higher operating temperatures of 150K to 300K by comparing the performance of two 

different strained-layer super-lattice mid-wave infrared (3-5.5 µm) photonic detectors 

using a conventional cryostat research test setup and a micro-manipulator probe station 

test setup. The detectors were radiometrically characterized using each system to 

benchmark their performance in these two systems.  
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The measured dark current results show that the micro-manipulated probe station test 

system is quantifiably similar to the cryostat research test system; however below150K, 

the dark current in the micro-manipulator probe station test setup was higher than the 

cryostat test setup. It was determined that inadequate thermal contact between the sample 

LCC and the sample mount in the probe station test setup caused a delamination point 

between the two surfaces, thus creating a higher temperature result in the dark current 

measurements. To ensure thermal contact, fastening the LCC to the sample mount would 

improve the probe station performance to be similar to the cryostat at temperatures below 

150K.  

Because the probe station is designed to characterize detector material without 

tedious wirebonding and expensive leadless chip carrier waste, we can conclude it can be 

used to characterize detectors at the wafer level providing a higher throughput compared 

with a traditional cryostat. This work will allow future detector characterization to be 

completed using a probe station instead of a traditional cryostat test system, thereby 

reducing the test and measurement time for infrared photon detectors.  

4.5 FUTURE WORK 

The probe station was not able to viably measure baseline radiometric measurements 

down to a temperature of 77K for this thesis due to the background temperature 

dependence of the sample’s delamination from the sample mount. Proving a mitigation 

method to solve the delamination problem gives the ability to overcome the demonstrated 

temperature constraints in the radiometric measurements and lower the baseline 

temperature further to 77K for radiometric measurements in the probe station test setup. 
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For example, measuring the dark current again with thermal strapping of the LCC to the 

sample mount can be repeated to quantitatively prove the full temperature range can be 

achieved.  

Additional improvements to the probe station setup are being considered as an 

opportunity to bring the ability to take reliable responsivity measurements with a fiber 

coupled laser that operates in the mid-wave infrared region. This will be implemented 

and tested to further characterize photon detectors for quality performance at the wafer 

level. 

Future research opportunities can be investigated once these improvements are 

implemented to bring a higher functioning system up to characterize photon detectors. 

For example, the developed system could eventually characterize photon detectors to 

determine how raise the operating temperature of these mid-wave infrared photon 

detectors.  By using the radiometric measurements at the research and development level, 

those results can be used to optimize the quality assurance processes in factory settings 

and eventually complete the commercialization of these detectors for future applications 

in the infrared detector community.  
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