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This thesis work was commissioned by Emberion Oy. A measurement system for investi-
gating the temperature dependence of Emberion photodetectors was needed. The goal was 
to develop a system consisting of instruments, measurement PCBs, and software, which 
enables measurement automation. Upon having a complete system, temperature measure-
ments shall be conducted, followed by an analysis of measurement results.  
 
A complete measurement system was successfully designed and implemented: temperature 
measurement daughterboard PCB was designed using PADS VX.2.4, data acquisitions and 
measurement automation were fully achieved by LabVIEW, and GNU Octave 5.2.0 was em-
ployed to perform data analysis. Emberion photodetectors were measured and the relation-
ship between temperature and their performance was analysed. It was concluded that the 
generated photovoltage, hence the responsivity of a photodetector becomes better when its 
temperature decreases. Furthermore, an offset dark voltage within the photodetector, which 
is proportional to the temperature, was observed in the absence of light, and it has a direct 
effect on photosensitivity. 
 
Understanding the temperature dependency of photodetectors provides insights for design 
considerations of high-performance photodetectors. Cooling was suggested as an efficient 
method to overcome the temperature limitation. It, however, exhibits other design challenges 
as it requires more costs, space, and power. 
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1 Introduction 

Examination of photodetector behaviours under different temperature conditions is cru-

cial for the development of high-quality photodetectors at Emberion Oy. To achieve this, 

a temperature measurement system was required to be developed, which is the main 

goal of this thesis project. The development of this measurement system includes the 

design of a measurement daughterboard as well as software design for measurement 

automation and data acquisition. Additionally, conducting temperature measurements 

and performing results analysis were other targets of this project, as they are essentially 

important for investigating temperature dependency of photodetectors. 

Emberion Oy is a spin-out company from NOKIA which was founded in 2016, Emberion 

differentiates itself by the unique value proposition of offering high-performance, 

wideband photodetectors with highly competitive cost. Cutting-edge imaging and 

sensing products of Emberion are developed thanks to strong nanomaterials processing 

expertise and its custom-designed CMOS ROICs (CMOS Read-out Integrated Circuits), 

together with hardware and software integration know-how. Emberion’s products have a 

wide range of applications. They are typically used, for example, in industrial processes, 

quality inspections, material sorting sectors, security, surveillance, defence, rescue, 

automotive, medical applications, etc. [1.] 

2 Theoretical Background 

2.1 Photodetector Fundamentals 

2.1.1 Photodetectors: an Overview 

Optical detectors are devices which detect optical radiation and convert it into some elec-

trical signals such as current, or voltage. They have two subcategories: (1) thermal de-

tectors which sense, then convert radiative heat energy into an electrical signal, and (2) 

photodetectors which produce an electrical signal from detected light energy. [2,214.] 
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Only the most fundamental concepts of photodetectors are emphasized in this thesis, 

due to the very extensive, broad nature of optical detection field. 

Photodetectors can be found everywhere – in commercial, residential, entertainment, 

research, biomedicine, industrial, military, and astronomy applications. They can be uti-

lized in the ubiquitous TV remote controls, cameras, automatic door opening sensors, or 

high-speed IR fibreoptic communication systems. In safety, surveillance, security and 

defence fields, they can be sensitive IR motion sensors, more advanced collision detec-

tors used in autonomous vehicles, or electrical fault, smoke, gas sensors. In material 

processing industry, different types of material are diagnosed and sorted thanks to so-

phisticated photodetectors of higher performance, accuracy and wider spectral response 

range. State-of-the-art photodetectors also play an important role in environmental sens-

ing, medical imaging, thermography, biomedical analysis, spectroscopy, etc. [3.] 

2.1.2 Photodetector Classification & Operation 

Based on the nature of electric field development, photodetectors can be further subcat-

egorized into two main groups: photoconductive (PC) and photovoltaic (PV) detectors.  

Photoconductive detectors have a simple structure comprising of a slab of semicon-

ductor such as silicon, and two ohmic contacts at two ends, as shown in figure 1a.  

    

Figure 1. Left to right: 1a) Geometry of a PC detector. 1b) An example of a basic application 
circuit of PC detectors. 
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Arriving photons whose energy equal or greater than the bandgap energy of the semi-

conductor material (which is generated by supplying a bias voltage across the two elec-

trodes) are absorbed, and they create excited electrons freely travelling in the photocon-

ductor. The change in the number of electron-hole pairs in the PC device upon illumina-

tion gives the change in conductivity: the greater the incoming light intensity at a specific 

wavelength, the higher the generated current (or the corresponding voltage drop in the 

circuit configuration using a load resistor as shown in figure 1b). [2,224-225; 4,3-4.] 

Photovoltaic detectors differ from PC detectors in the way the electric field separating 

electron-hole pairs is developed; meaning the electric field is internally induced by a p-n 

junction in PV detectors rather than being generated externally by a bias voltage in the 

case of PC detectors. This p-n junction is the interface between two semiconductor lay-

ers stacked together: one is p-type doped and the other one is n-type doped, as depicted 

in figure 2a.  

  

Figure 2. Left to right: 2a) A p-n junction. 2b) Basic circuit measuring PV detector output. 

Upon illumination, arriving photons are absorbed in the depletion region of the p-n junc-

tion, which energy-boost the electrons to be able to escape from the valence band to the 

conduction band, thus producing electron-hole pairs. These electron-hole pairs are sep-

arated due to the built-in electric field created at the p-n junction in such a way that elec-

trons and holes are drifted to the n-region and p-region respectively. This charge sepa-

ration creates a photocurrent constituting a change in the voltage difference across the 

p-n junction (or generated photovoltage) which can be measured using external circuitry 

for example as in figure 2b. [2,222; 4,3-4.]  
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PV detectors are usually of more interest than PC detectors at the same material choice 

thanks to their better signal-to-noise ratio performance (up to √2 times lower noise level), 

more reliable predicted responsivity, and unbiased operation which gives better perfor-

mance stability. On the other hand, PC detectors are often utilized in applications requir-

ing higher light intensity and faster response times such as optical communication or 

signal processing. [5,157; 6.] 

A popular variant of PV detectors is PIN photodiodes, which have enhanced frequency 

response and are the main photodetector type of interest in this thesis project, will be 

discussed in more details in section 2.2. 

2.1.3 Performance Characteristics 

The performance of photodetectors can be evaluated based on some key figures of 

merit, presented in the following paragraphs.  

 

Responsivity implies detection sensitivity, i.e., how effectively a photodetector can con-

vert light power received into electrical signal. Understanding the responsivity of a de-

tector is beneficial, as the radiant flux level presented at a detector can be conveniently 

derived, as well as additional signal amplification, measuring, and processing circuitries 

can be more accurately planned to develop an optimal detecting system. The most fun-

damental concept of responsivity ℜ of detectors is demonstrated in equation (1) as the 

ratio of the output signal generated and the light signal input. Even though common unit 

for responsivity is [V/W], it can also be expressed in other unit terms such as [A/W], since 

output can be either photo current or photo voltage while input may represent radiant 

flux, optical power density, or optical total power. [5,41-43; 7,176.] 

 

ℜ =  
 𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ 𝑝𝑜𝑤𝑒𝑟 
=  

𝑉𝑝ℎ (𝑜𝑟 𝐼𝑝ℎ)

𝑃𝑜𝑝𝑡
    (1) 

 

One complicated, undesirable element that normally disturbs the performance of optical 

detectors is noise, because the signal to be detected is usually obscured, or masked by 

these random, unpredictable noise signals, which complicates the process of detecting, 

understanding, and processing signal output. In photonics applications where signals to 
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be detected are usually of small magnitude, attention to noise effects is critical. Noise 

may generate internally or externally. External noise sources, which are avoidable if the 

detection system is carefully planned, are for example, induced hum from the mains 

electricity, electric motor interference, static discharge or vibrations from outer environ-

ment, fluctuations in temperature, and so on. Noise coming from within the detection 

system itself, and is often inevitable, is internal noise, and is commonly categorized into 

three sources: Johnson noise, shot noise, and 1/f noise. [5,43; 8,117.]  

 

Johnson noise (or thermal noise, or white noise), appearing at higher frequencies, is 

caused by the random, constant vibrations of electrons within a resistive device as a 

result of above absolute zero temperature (0 K). These constant movements create col-

lisions not only between the charge carriers themselves, but also between the charge 

carriers and the atoms of the conducting material, producing minuscule currents which 

at a short time interval, are summed up to be Johnson noise current. The RMS noise 

voltage drop across the load resistor 𝑉𝑗𝑛 is usually expressed as 

 

𝑉𝑗𝑛 =  √4𝑘𝑇𝑅∆𝑓  ,   (2) 

 

or alternatively in RMS current form: 

 

𝐼𝑗𝑛 =  √
 4𝑘𝑇∆𝑓  

𝑅
,   (3) 

 

where 𝑘 = 1.38 x 10-23 [J/K] is the Boltzmann constant, 𝑇 [K] is the absolute temperature, 

∆𝑓 (or sometimes B) [Hz] is the bandwidth of the noise measurement, and 𝑅 [Ω] is the 

load resistance. [2,221; 9,39-40.] From the straightforward relationship shown in equa-

tion (2), it is suggested by Ready [2,221] that lowering operating temperature by applying 

cooler to the detection system, reducing load resistor value and amplification bandwidth 

are necessary to reduce Johnson noise. 

 

Shot noise, in contrast to thermal noise, is temperature and frequency independent (at 

low-intermediate frequencies) and only present when there is an external power source 

promoting the flow of charge carriers. Shot noise is described as “a consequence of the 

discrete nature of electric charge” [10,181], which implies the phenomenon of electrons 
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flowing to the anode at an inconsistent, random arrival rate, causing tiny fluctuations 

presented in DC current which constitute shot noise. Shot noise in semiconductors is 

referred as G-R (generation-recombination) noise as a result of the discrete rate of gen-

erating and recombining charge carriers. [2,221; 8,118; 10,181-182.] In order to reduce 

shot noise, Ready [2,221] advised lowering the magnitude of DC current as well as am-

plification bandwidth. The relationship of shot noise, current, and bandwidth is expressed 

in the equation calculating shot noise current 𝐼𝑠𝑛 

 

𝐼𝑠𝑛 =  √2𝑞𝐼𝐷∆𝑓  ,   (4) 

 

where 𝐼𝐷 [A] is the DC current, 𝑞 = 1.602 x 10-19 [C] is the electric charge, and ∆𝑓 [Hz] 

is the noise measurement bandwidth [8,118; 9,41-42; 10,181-182]. 

 

1/f noise (excess noise, flicker noise, or pink noise) is named for its feature of having 

noise spectral density inversely proportional to the modulation frequency. In other words, 

at higher frequencies of 102 to 106 Hz, 1/f noise power can be neglected [11,205] and its 

interferences to electronic devices mainly stay at lower frequencies of few hundred Hertz 

[2,221]. The relationship of this noise and the modulation frequency is generally under-

stood as 1/f α with α close to unity [8,118].  

 

Apart from three main sources of internal noise coming from within the detection system 

discussed above, photon noise is a vital external noise factor which directly affects the 

detectivity parameter of the photodetector, and it is worth introducing. Naturally photons 

do not arrive at the detector at a constant rate due to the “discrete nature of the radiation 

field” [12,35], and it is further explained by Rogalski [12,35] that photons arriving from 

the target and those coming from the background constitute photon noise. The fluctua-

tions in the arrival rate of photons from the source is inevitable while the background 

radiation noise can be managed for example, by lowering background temperature or by 

reducing the field of view [2,221-222]. 

 

Having briefly discussed some fundamental noise sources limiting the performance pa-

rameters of photodetectors, it can be concluded that it is crucial to maintain the noise 

level of one detection system at low at possible, beside having a high gain output signal, 
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as this helps detecting signals of low strength level be possible [8,666]. The next param-

eters are utilized to evaluate the noise performance of detectors. 

 

Signal-to-Noise Ratio (SNR) is one parameter that characterizes the optical measure-

ment quality, and is commonly presented as a ratio of detected optical power 𝑃𝑠𝑖𝑔𝑛𝑎𝑙  to 

noise power 𝑃𝑛𝑜𝑖𝑠𝑒: 

𝑆𝑁𝑅 =  
 𝑃𝑠𝑖𝑔𝑛𝑎𝑙  

𝑃𝑛𝑜𝑖𝑠𝑒
 ,   (5) 

 

or in an alternative form which describes the relationship between responsivity ℜ, inci-

dent optical power 𝑃𝑜𝑝𝑡 , and noise current 𝐼𝑛 [7,177]: 

 

𝑆𝑁𝑅 =  
 ℜ 𝑃𝑜𝑝𝑡  

𝐼𝑛
  ,   (6) 

 

where noise current 𝐼𝑛 is the sum of individual noise components present in the detection 

system (𝐼𝑗𝑛, 𝐼𝑠𝑛, etc.), as previously discussed [8,667]. 

 

It is emphasized by Vincent et al. [5,46] that even though the detector itself is not char-

acterized by the SNR, the reliability of the optical measurement data is indeed reflected 

by the SNR, in other words, the higher the SNR, the stronger the data fidelity.  

 

Noise Equivalent Power (NEP) which is associated with SNR, is another noise perfor-

mance characteristic of a detector. NEP is defined as the required minimum incident 

optical power falling on a detector in order to yield SNR of one, or in other words, NEP 

is the optical power generating an output power (could be in form of current or voltage) 

of the same magnitude of the noise power. [7,177; 12,34.] The equation for calculating 

NEP is 

𝑁𝐸𝑃 =  
 𝐼𝑛 (𝑜𝑟 𝑉𝑛)

 ℜ 
  .   (7) 

 

From the direct relationship between NEP, responsivity and noise power presented in 

equation (7), it can be concluded that a detection system performs better when NEP gets 

smaller. 
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Specific detectivity is another figure of merit presenting the sensitivity performance of 

a photodetector, or how well it can detect a signal. In its simplest form, detectivity is given 

as the reciprocal of the NEP value (D = 1/NEP). However, since using NEP value to 

compare the performance of different devices is only limited to those of the same photo-

sensitive area, not to detectors of different geometries, a normalized detectivity or spe-

cific detectivity D* was introduced by Robert Clark Jones and is widely used. It is ex-

pressed as 

𝐷∗  =  
 √𝐴 ∆𝑓 

 𝑁𝐸𝑃 
 =  

 √𝐴 ∆𝑓  ℜ  

 𝐼𝑛
 ,   (8) 

 

where 𝐴 represents the photosensitive area, ∆𝑓 (or B) is the bandwidth, 𝑁𝐸𝑃  is the noise 

equivalent power, ℜ is the responsivity of the device, and  𝐼𝑛 is the noise current. The 

unit of D* is [cm Hz1/2 W-1] or [Jones]. Correspondingly, D* is also understood as the SNR 

of the detector of 1 cm2 photosensitive surface detecting a light signal of 1W power in a 

bandwidth of 1Hz. This also indicates that the higher the D*, the better the detectivity 

performance of the detector. [7,177; 8,667; 12,34.] 

 

Quantum efficiency, relating to responsivity, suggests how effectively a photodetector 

can convert photons radiating to the detector to photoelectrons, i.e., excited electrons 

generated from incident light. It is usually defined as a fraction of number of electrons 

produced divided by the number of incident photons: 

 

𝑄. 𝐸 =  𝜂 =  
 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠  
 , (9) 

 

or formally in the relationship with responsivity: 

𝑄. 𝐸 =  𝜂 =  100  ℜ 
 1.2395 

  𝜆
 ,  (10) 

 

where ℜ is the responsivity and 𝜆 is the wavelength. [2,218.] It is obvious that a good 

detector is one with high quantum efficiency. 
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2.2 PIN Photodiodes 

Recalling the operating principle of PV photodetectors: when light strikes an active re-

gion, photons are first absorbed in the depletion region, then electron-hole pairs are sep-

arated by the effect of built-in electric field, which results in the generated photocurrent 

or photovoltage. In order to make the electric field stronger thus improving the speed of 

photodetectors, a reverse bias voltage can be additionally supplied, meaning the positive 

terminal of the supply voltage is connected to the n-type semiconductor layer (cathode) 

while the negative supply terminal is applied to the p-type material (anode), as presented 

in figure 3. Furthermore, figure 3 also shows an important improvement made to the p-n 

junction architecture by introducing a wider layer of lightly doped, nearly intrinsic semi-

conductor material between a relatively thinner, heavily doped p-type layer and a n-type 

layer, hence the name PIN photodiode. [2,227-228; 13,367-368.] 

 

Figure 3. Reverse bias PIN photodiode. 

PIN photodetectors have a similar light detecting mechanism as in p-n junction photo-

sensors. However, in photo-detecting applications, PIN photodetectors are more of in-

terest as they are much more effective than p-n junction photodiodes for many good 

reasons. First, the expansion in the depletion region width constitutes a larger light cap-

turing area, thus maximizing the absorbance of incident photons, which leads to a higher 

quantum efficiency η. In normal p-n junction photodetectors, the doping concentration 

on both p and n side strongly affects the width of the depletion region. The higher the 

doping level, the narrower the depletion width, the less photons will be absorbed. On the 
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other hand, if the p and n regions are lightly doped, the conductance of the contact re-

gions will be lowered. Orton [13,367-368] pointed out that a silicon PIN photodiode can 

satisfy both requirements that cannot be simultaneously met in p-n junction devices: a 

wide depletion layer (i-layer of width 30 – 50 µm could ideally give a Q.E yield close to 

unity) while maintaining a high dopant concentration in contact layers (at the order of 

1025 m-3). Secondly, thanks to the larger intrinsic region width, the junction capacitance 

CJ observed in PIN photodiodes is much more reduced, thus giving a higher response 

speed of up to 1010 Hz. [2,227-228; 13,367-368.]  

An equivalent circuit representing a photodiode is depicted in figure 4. 

 

Figure 4. Equivalent model for a photodiode. IPH is the current generated by the incident light 
power, D represents the p-n junction (or PIN junction), junction capacitance CJ and 
contact shunt resistance RSH are in parallel while the series resistance RS is in series. 
Load resistance is denoted as RL. Figure adapted from [14,3]. 

Based on the equivalent circuit model in figure 4, using Kirchhoff’s current law, the output 

current 𝐼𝑂 upon illumination can be derived as: 

𝐼𝑃𝐻 − 𝐼𝐷 −  𝐼𝑆𝐻 −  𝐼𝑂 = 0   (11a) 

𝐼𝑂 =  𝐼𝑃𝐻 − 𝐼𝐷 −  𝐼𝑆𝐻 .   (11b) 

substituting the known Shockley diode equation 𝐼𝐷 =  𝐼𝑆 (𝑒
 𝑞𝑉𝐷 

𝑘𝑇 − 1), 

𝐼𝑂 =  𝐼𝑃𝐻 − 𝐼𝑆 (𝑒
 𝑞𝑉𝐷 

𝑘𝑇 − 1) −  𝐼𝑆𝐻 ,  (12) 
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where 𝐼𝑆 is the reverse saturation current of the junction due to thermally generated car-

riers in the absence of light, 𝑉𝐷  is the voltage across the junction,  𝑞 ≈ 1.6 x 10-19 [C] is 

the charge of electron, 𝑘 = 1.38 x 10-23 [J/K] is the Boltzmann constant, 𝑇 [K] is the ab-

solute temperature. 

 

A typical current vs. voltage, or I/V characteristics curve is usually found in photodiode 

datasheets, and an example is presented in figure 5. Applied voltage is on the horizontal 

axis while the current is on the vertical axis. 

 

Figure 5. I/V characteristic of a photodiode. Reprinted from OSI Optoelectronics [14,5]. 

Under dark conditions (light level P0), a photodiode behaves just as a p-n semiconductor 

diode, whose I/V relationship is shown in curve P0 in figure 5. It has a Shockley diode 

current, as previously discussed 𝐼𝐷 =  𝐼𝑆 (𝑒
 𝑞𝑉𝐷 

𝑘𝑇 − 1). When the diode is operating in for-

ward bias mode, meaning when V = +V, the current is exponentially proportional to the 

applied voltage:  𝐼𝐷 =  𝐼𝑆 𝑒
 𝑞𝑉𝐷 

𝑘𝑇 . When a reverse bias voltage (V = -V) is applied, the ex-

ponential term becomes negligible, resulting 𝐼𝐷 =  −𝐼𝑆. Upon illumination with light level 

P1, in addition to the photodiode dark current, a reverse photocurrent is generated, and 

the I/V curve is shifted downwards, as shown in curve P1. The shifted amount is the 

photocurrent 𝐼𝑃𝐻 (or 𝐼𝑃), which is the intersection of curve P1 with the vertical axis. This 

relationship can be described as  

𝐼𝑂  =  𝐼𝑆 (𝑒
 𝑞𝑉𝐷 

𝑘𝑇 − 1) −  𝐼𝑃𝐻 .  (13) 
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Similarly, when a light of power P2 > P1 coming at a photodiode, the curve will be further 

downwards shifted, which is shown in curve P2. When the reverse bias voltage gets high 

enough, it will eventually enter the breakdown region, where 𝐼𝐷 will dramatically increase. 

This point is called breakdown voltage, and photodiodes should be operating below this 

limit. Photodiodes used for light detecting applications are operating in the third quadrant 

of the I/V curve (meaning the reverse bias region) while the four quadrant is meant for 

solar cells or energy harvesting applications. [14,5; 15.] 

2.3 Temperature Effects on Photodiodes 

In an ideal world, when there is no light coming to photodiodes, there should be no cur-

rent. However, in real life, there is always a small amount of current flowing through the 

junction due to thermally generated carriers, which is known as dark current. It has been 

shown that this photodiode dark current is strongly dependent on the temperature. 

Grundmann [16, 416] pointed out that the magnitude of current in the junction (or photo-

diode dark current) increases as temperature rises, which is mainly due to “the temper-

ature dependence of the saturation current”. As previously shown in equation (13) in 

section 2.2, the output current 𝐼𝑂 of a photodetector comprises of two components: (1) a 

non-zero dark current 𝐼𝑆 (𝑒
 𝑞𝑉𝐷 

𝑘𝑇 − 1) in the absence of light and (2) an added photocurrent 

𝐼𝑃𝐻 upon illumination. In light detecting applications, this dark current is primarily the re-

verse saturation current 𝐼𝑆, because photodetectors operate on the third quadrant of the 

I/V curve, or in other words, they operate in reverse-biased mode, which makes the ex-

ponential term become negligible. The reverse saturation current of a p-n junction is de-

fined as 

𝐼𝑆 =  𝐴𝑗  𝑞 𝑛𝑖
2 (

𝐷𝑝

 𝐿𝑝 𝑁𝑑 
+  

𝐷𝑛

 𝐿𝑛 𝑁𝑎 
),  (14) 

where 𝐴𝑗 is the cross-sectional area of the p-n junction, 𝑛𝑖 is the intrinsic carrier concen-

tration, 𝐷𝑝 and 𝐷𝑛 are the diffusion coefficients for holes and electrons respectively, 𝐿𝑝 

and 𝐿𝑛 are diffusion lengths for holes and electrons respectively, 𝑁𝑑 and 𝑁𝑎 are the con-

centration of donor and acceptor correspondingly. It has been revealed that the effects 
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of temperature on reverse saturation current is strongly governed by parameter 𝑛𝑖
2, 

which is given as 

𝑛𝑖
2 =  (√𝑁𝐶  𝑁𝑉  𝑒

−
𝐸𝑔

2𝑘𝐵𝑇)

2

    

                =  4 (
2𝜋𝑘

ℎ2 )
3

𝑚𝑒
3/2 𝑚ℎ

3/2 𝑇3𝑒−𝐸𝑔/𝑘𝐵𝑇   (15) 

with 𝑁𝐶 = 2 (
2𝜋𝑚𝑒𝑘𝑇 

ℎ2 )
3/2

 and  𝑁𝑉 = 2 (
2𝜋𝑚ℎ𝑘𝑇 

ℎ2 )
3/2

 . 𝑁𝐶, 𝑁𝑉 are effective density of states 

in the conduction and valence band, respectively; ℎ is the Planck’s constant, 𝑚𝑒 and 𝑚ℎ 

are effective mass of electron and hole, and 𝐸𝑔 is the bandgap energy. [10,43-45; 

16,412-416; 17,5-7.] 

From equations (14) and (15), the temperature dependence of the reverse saturation 

current can be estimated in the form   

𝐼𝑆 =  𝐶 𝑇3𝑒−𝐸𝑔/𝑘𝐵𝑇,   (16) 

in which C is a constant including the terms which are either independent of temperature 

or very weakly temperature dependent which can be ignored. By differentiation, the 

change of saturation current for each temperature change is 

𝑑𝐼𝑆

𝑑𝑇
 =  3𝐶𝑇2𝑒

−
𝐸𝑔

𝑘𝐵𝑇 +  
 𝐶𝑇𝐸𝑔𝑒

−
𝐸𝑔

𝑘𝐵𝑇 

𝑘
 

  =  𝐼𝑆  (
3

𝑇
+  

𝐸𝑔

𝑘 𝑇2).   (17) 

Equation (17) can also be evaluated as 

𝑑

𝑑𝑇
 [𝑙𝑛(𝐼𝑆)] =  

1

𝐼𝑆
 ×

 𝑑𝐼𝑆 

𝑑𝑇
=  

3

𝑇
+  

𝐸𝑔

𝑘 𝑇2
   (18.1) 
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∆[𝑙𝑛(𝐼𝑆)] =  ∆𝑇 (
3

𝑇
+  

𝐸𝑔

𝑘 𝑇2).  (18.2) 

From this relationship, a general approximation rule has been used to evaluate the tem-

perature dependency of saturation current, or in the case of photon detectors, dark cur-

rent: for each 8 – 10K increase in the junction temperature, the reverse saturation current 

doubles. [17,5-7; 18, 64-65.] 

As a result of the strong temperature dependence of dark current, breakdown voltage of 

photodiodes also decreases as temperature increases, meaning it becomes easier for 

the photodiode to enter its breakdown region. Finally, since the output of a photodetector 

is the sum of dark current and photo generated current, output of the photodetector is 

consequently dependent on the temperature, which means all the performance param-

eters of photodetectors would be greatly affected such as responsivity, Q.E, and noise 

parameters. 

In photodetection technology, it is common to apply coolers to improve the performance 

of photodetectors. It has been believed that photosensors, especially those working in 

the longer wavelength region, generate more noise at room temperature due to the ef-

fects of thermally generated charge carriers. Cooling for photodetectors can be catego-

rized into two mechanisms: (1) using liquid or solid cryogen packed in vacuum-insulated 

flasks called dewars to prevent cryogen from boiling away and (2) using refrigerators of 

types such as open or close-cycle refrigerators, radiation coolers, and thermoelectric 

coolers (TEC). Even though cooling is clearly a simple solution to the temperature de-

pendence limitation of photodetectors, it still exhibits many impractical disadvantages 

when having coolers in a detection system. These are, for example, adding costs, weight 

and design complications to the detection system: the sensor should be carefully de-

signed to be mounted to the cooler, the cooler should not stand in the way of incoming 

light to the detector, power consumption considerations, and so on. Ideally, a detector 

should be operating without the need of cooling, but for most applications, it is not yet 

the case. More efficient, economical coolers with better energy are also very beneficial 

for detection systems. [5,177; 19,3-10.] 
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3 Hardware Design 

In order to measure the temperature dependence of one R&D batch of Emberion photo-

detectors, printed circuit boards (PCB) were naturally crucial beside all the measurement 

tools and instruments existing at Emberion’s laboratory. This section mainly describes 

the designing process of the measurement daughterboard which was made specifically 

for measuring photodetectors in TO-8 cans. The measurement system can be introduced 

briefly in figure 6. 

 

Figure 6. Measurement setup. 

Figure 6 represents the measurement setup used for characterizing photodetectors. The 

device under test (DUT) was placed on the measurement daughterboard. This measure-

ment daughterboard was then placed on Emberion baseboard via pogo connectors, thus 

supplies and signal lines were interconnected between baseboard and daughterboard. 

Baseboard is the core measurement board currently used at Emberion laboratory for 

characterizing different types of R&D photodetectors. For each specific generation of 

photodetectors, a specific daughterboard is designed accordingly. A light source system 

(including a lamp, harmonics filter, monochromator, neutral density filters, and an inte-

grating sphere) was used to generate different light levels at different wavelengths. The 

DUT gave output signal which would be then acquired by LabVIEW, giving data saved 

in .CSV format for further analysis using MATLAB or Octave. Furthermore, a low noise 

power source was used to supply thermoelectric cooling (TEC) current in order to heat 

up or cool down the DUTs. In order to measure the current temperature in the device 
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using NTC thermistor, a digital multi meter (DMM) with the four-wire resistance meas-

urement configuration was used. 

3.1 Daughterboard Schematic 

Starting the process of creating a daughterboard PCB, a logic schematic was designed 

for the daughterboard using PADS Designer VX.2.4. The schematic for this baseboard 

consisted of two sheets. The first one represented the connections between baseboard 

and daughterboard, ID number of the daughterboard, and mechanical parts. These are 

illustrated in the figure 7. 

    

Figure 7. Some sections in the first sheet of the schematic 

From figure 7, an example of an array of 40 pogo connections between daughterboard 

and baseboard is shown on the left. There were four of these arrays in the daughter-

board. In the top right section, it shows the logic of how the ID of this specific daughter-

board (which is 8 in decimal, or 1000 in binary) was generated.  A network of pull-up and 

pull-down resistors was employed: pull-up resistors while excluding the placement of 

pull-down resistors gives a high logic, and vice versa. The lower right corner of figure 7 

shows other important mechanical parts of the daughterboard, where mounting holes of 

different sizes were considered as it is crucial that the daughterboard must stay aligned 

with the baseboard. 
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The second sheet of the schematic contained the functional I/O connections between 

DUT photodetectors and measurement daughterboard. The DUTs were photodetectors 

containing four quadrants, each has 8x8 pixels (or totally 16x16 pixels) which were pack-

aged in TO-8 cans, as depicted in figure 8.  

  

Figure 8. Emberion R&D photodetectors packaged in TO-8 cans which have 12 I/O pins. 

There are twelve I/O pins in these TO-8 can photodetectors, whose pin functions are 

presented in table 1. The twelve connections between the DUT and the daughterboard 

are further presented after that. 

Table 1. I/O pin functions 

TO-8 pins Functions 

1 VTG – Top gate voltage 

2 VOUT – Output voltage of selected pixels 

3 Row<n> 

4 NTC+ 

5 NTC- 

6 AVDD & AVDD_amp 

7 SGND_ON 

8 SignalGND 

9 Pix<n> 

10 TEC+ 

11 Chassis GND & AVSS & BG 

12 TEC- 



18 

  

VTG – top gate supply voltage: as indicated in figure 9, this pin was connected to a 

supply of 1.48 V with decoupling capacitors of values 100 µF, 10 µF, and 100 nF in 

parallel to reduce noise. The top gate voltage could be supplied either from VTG1 signal 

of the baseboard, or from SMB connector. 

 

Figure 9. Top gate voltage circuitry 

AVDD & AVDD_amp is a 2.2 V voltage supply pin to DUT, which was supplied either 

through baseboard or SMB connector, connecting with bypass capacitors 100 µF, 10 µF, 

and 100 nF in parallel. It has a similar circuitry as in figure 9. 

SignalGND, which can be seen from figure 10, was a voltage signal supplied to DUTs 

either through baseboard or SMB connector with a voltage of 1.48 V. Multi bypass ca-

pacitors of values 100 µF, 10 µF, 100 nF, and 1 nF in parallel were applied, and a Zener 

diode MMBZ5226BLT1G was added to protect the DUT from oversupply. 

 

Figure 10. SignalGND circuitry 
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Row<n> and Pix<n> were digital signals used for pixel selection, whose circuitry is pre-

sented in figure 11. Because only four pixels were measured in this project, four combi-

nations of high/low states of the two pins row<n> and pix<n> would enable the selection 

of those four interested pixels. Users could either set the row or pixel (or column) num-

bers manually or automatically from the FPGA code via GPIO2 and GPIO5 pins (more 

details about automatic row/column switching by FPGA presented in section 4.1). The 

selection was enabled by SP3T switches SS14MDP2: terminal one and three corre-

sponded to high or low states set manually, and terminal two gave the digital signal set 

automatically from FPGA. Furthermore, voltage translators, or level shifters 

SN74LVC2T45 were used to shift the digital voltage level from FPGA (1.8 V) to the de-

sired 2.2 V. Decoupling capacitors of 100 nF were used to filter supply noise and 10 kΩ 

pull-down resistors were used to maintain the default logic state to low, thus avoiding 

floating signals. 

 

Figure 11. Row<n> and Pix<n> circuitry 

SGND_ON signal is used for setting the pixel in reset or exposure state, and it could be 

set either manually of automatically by the FPGA. Voltage translators, decoupling capac-

itors and pull-down resistors were similarly used as in the case of row/pixel selection 

described above. 

VOUT – output voltage of selected pixels: its schematic is introduced in figure 12. Out-

put voltage pin was amplified by a non-inverting operational amplifier LTC6240HV 
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configuration with the gain of 2. Supplies to op-amp were filtered by bypass capacitors 

of 100 nF. 

 

Figure 12. Amplified output voltage circuitry. 

Chassis GND & AVSS & BG pin was grounded. 

NTC- and NTC+ (Negative Temperature Coefficient thermistor) pins were connected to 

a DMM using four-wire configuration as shown in figure 13. Four-wire configuration en-

ables precise measurement of the thermistor resistance by eliminating cable resistances 

from the measurement. These two pins were connected to the DMM via two SMB cables 

(named NTC Force and NTC Sense), each SMB had a negative and a positive terminal, 

hence the notations NTC-_F, NTC+_F, NTC-_S, NTC+_S. 

 

Figure 13. Four-wire measurement connection to measure NTC 
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TEC- and TEC+ (Thermo Electric Cooling) pins as illustrated in figure 14, were con-

nected to the corresponding negative and positive terminals of one SMB cable which 

would be then plugged into a low noise power supply source for setting the current 

needed to heat up or cool down the DUTs to a desired temperature. 

 

Figure 14. TEC connections 

The components chosen in this daughterboard design were mostly SMDs. It is important 

to note that even though the schematic design was made in a way that there were two 

operating options for users, the desired way was automation using the baseboard, while 

adding a manual option was for debugging purposes only. A detailed schematic of this 

measurement daughterboard can be found in Appendix 1.  

3.2 Daughterboard Layout 

Upon having a complete, reviewed logic schematic for the daughterboard, a layout de-

sign was done using PADS Layout VX.2.4. Logic schematic from PADS Designer was 

first forwarded to PADS Layout with relevant information of all the parts. Next, the com-

ponents were tactfully arranged, partitioned, and placed, bearing in mind the coming 

routing requirements as well as user experience. In this project, many SMD filtering ca-

pacitors were used, thus it was important to place those bypass capacitors as close as 

possible to the power pins in order to reduce inductance and maximize decoupling per-

formance. Furthermore, capacitors of smaller values were placed closer to the pins while 

the bigger capacitors could stay further as they were less critical. This useful and com-

mon PCB design tactic can be visually seen in figure 15. 
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Figure 15. A small PCB section of the daughterboard in 3D view showing the bypass capacitors 
placement tactic applied in the daughterboard layout design.  

Components placement in general were spanning out from the centre of the board, and 

certain distance was kept from mounting holes and keep-out zones (such as the areas 

reserved for hold down clamps) to prevent mechanical stress or component damage.  

A recommended design rule was set and followed, which helped increasing the efficiency 

of layout design process while maintaining the crucial design requirements. These rules 

were for example, trace width, clearance between traces, vias, pads, drills, etc. There 

were four electrical layers used in this daughterboard PCB design: top and bottom layers 

for components placement and signals, inner layer two as a ground plane, and inner 

layer three as a mixed power plane. Routing of this daughterboard was done manually 

by starting with critical traces such as power and high-speed signals. Digital and analog 

traces were separated as much as possible while the reserved ground plane in inner 

layer two helped ensuring the shortest, lowest impedance current path to ground. Fur-

thermore, traces were placed carefully to reduce trace length and sharp corners were 

avoided. Trace width of signals requiring significant current flow like TEC current traces 

were made to be wider to reduce the resistance and to ensure more current would be 

conducted, as shown in figure 16.  

 

Figure 16. Trace width for TEC current supplies was made wider than other signal traces 
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Additionally, some power signals were made as power planes whenever possible within 

inner layer three, whose area were designed as large as possible, as displayed in figure 

17. The pink area represents net VCCIO_FPGA (1.8 V digital), orange area is net AVDD 

(2.2 V digital), green and yellow regions show analog supplies of -5.5 V and +5.5 V re-

spectively. The remaining area in blue was assigned as ground net. 

 

Figure 17. Inner layer three: mixed power planes 

EMC matters were partly considered by assigning ground net to all the electrical layers, 

and by adding stitching vias around the daughterboard for better shielding as well as 

impedance and return loops reduction. The via stitching around the board can also be 

viewed from figure 17 around the perimeter of the daughterboard.  

Finally, considering the user experience when using or debugging the daughterboard, it 

was necessary to add descriptive texts, labelling in the layer Silkscreen Top. 2D lines 

and Text functions from Drafting Toolbar were used to perform this task. Company logo, 

name and code for the daughterboard were also positioned mindfully. Mounting holes 

were placed accurately to ensure daughterboard would stay aligned with the baseboard 

after manufacturing. A complete view of the layout design can be visualized using PADS 

Layout 3D view, and it is presented in figure 18. 
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Figure 18. Daughterboard 3D view from left to right and from up to down: Top view, Bottom view, 
Side view 

As depicted in figure 18, this measurement daughterboard had all the electronic compo-

nents residing on the top side, while the bottom side was reserved for only placing the 

DUTs (in the middle) when conducting measurements. The dimensions of this daughter-

board were width 9 cm x length 10 cm. Alternatively, the complete layout design of the 

daughterboard can also be viewed in its traditional graphical 2D presentation, which can 

be found in Appendix 2. 

Once the layout design was ready and reviewed, the manufacturing Gerber outputs con-

taining design information were created and delivered to PCB manufacturers. From 

PADS Layout, by using the CAM function, output documents can be previewed, defined 

and generated. The actual PCB is presented in figure 19. 
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Figure 19. Baseboard and daughterboard in the measurement setup 

As can be seen in the figure 19, the actual daughterboard PCB (marked yellow) stayed 

properly aligned with the baseboard (mark green). The pogo pin arrays were intact, and 

the four hold-down clamps gave a firm, strong lock between daughterboard and base-

board. In the middle of the daughterboard, a metallic heatsink can be seen and on the 

other side of the heatsink was the DUT. 

4 Software Design 

The current test frameworks established at Emberion laboratory are very extensive and 

they are the results of many years of development. For this reason, the scope of this 

thesis, specifically software design part, was initially defined that only a small fraction of 

temperature measurement functionalities for photodetectors in TO-8 package would be 

built based on existing frameworks. This includes (1) building a test sequence (.SEQ file) 

that enables measurement automation, (2) some small additions to the current LabVIEW 

test frameworks, and (3) a slight modification in the FPGA pixel sequencer to achieve 

the desired pixel switching. To illustrate the software elements contained in the current 

Emberion test framework and their relations, a block diagram is introduced in figure 20. 
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Figure 20. Block diagram of software elements 

As can be seen in figure 20, the LabVIEW Emberion Sequencer consists of many subVIs, 

which are developed either by using LabVIEW built-in libraries or by assessing FPGA 

functions via Dynamic Link Libraries (DLLs). The development goal was that, by execut-

ing the .SEQ file commands from the Emberion Sequencer, users can call the desired 

functions (i.e., subVIs), as well as setting necessary parameter values of the FPGA pixel 

sequencer. 

4.1 Test sequence 

As can be seen from the block diagram of software elements presented in figure 20, a 

test sequence file (.SEQ file) plays a vital role in giving command to Emberion Sequencer 

program in order to enable measurement automation. This test sequence file consisted 

of four sub-sequences representing four different measurements: optical power sweep, 

wavelength sweep, reset & exposure time sweep, and temperature & power sweep. 

However, as the scope of this thesis was to study the temperature dependence of pho-

todetectors, only the most relevant sub-sequence, which is temperature & power 

sweep and its corresponding dark signal measurement will be discussed.  

The sequence started by prompting user for DUT information such as ID number, width, 

and length. Next, instruments were initialized. The hardware needed for this type of 

measurement was a Keysight B2962A power source to supply TEC current, a tunable 

light source system TLS260, a stepper motor controller ConexPP (for controlling different 

ND-filter positions which corresponded to different light intensity levels), a Keysight 
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34470A DMM to measure NTC, and a TEC PID controller. The sequence made to enable 

these tasks are illustrated in figure 21. The sequencer processed this .SEQ file line by 

line. In order to perform each functionality or to automatically drive each instrument, a 

corresponding VI was first addressed, after that, the specific desired function within that 

VI was called with the corresponding parameters and their values. 

 

Figure 21. Test sequence: hardware initializations. 

Next, the software designed to drive the baseboard and daughterboard was initialized, 

supply voltages were set from 12 DAC channels and reset/exposure time and ADC sam-

pling time were defined. The command lines for this is represented in figure 22. The 

interested supplies in this project were 2.2 V AVDD (channels 0-1), 1.48 V SignalGND 

(channels 2-3), 1.48 V VTG (channels 4-7). A wait time of 2000 ms was added after 

these voltages were set. ADC sampling time was set to be 0.1 ms, reset time was 50 ms 

and exposure time was 100 ms. A delay of 5000 ms was also added. 
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Figure 22. Test sequence: software initializations. 

The sub-sequence temperature & power sweep started with the creation of a .CSV file 

for recording results data, and headers for these DUTs in TO-8 cans setup were added 

(which will be discussed in section 4.2). Next, the temperature of the DUT was up-swept 

from 30°C to 60°C, with step ∆T = 10°C; then it was down-swept from 50°C to 0°C with 

∆T = -10°C; and finally up-swept again from 10°C to 30°C with ∆T = 10°C. In other words, 

the DUT was going through a temperature cycle: 30°C, 40°C, 50°C, 60°C, 50°C, 40°C, 

30°C, 20°C, 10°C, 0°C, 10°C, 20°C, and 30°C.The target temperature was regulated 

using TEC and TEC PID controller. At each set temperature, the dark signal measure-

ment of the DUT was first recorded at 500 times. After that, the DUT was measured 

under different optical power levels. This was achieved by moving the position of the ND-

filter from 0 (brightest) to 310 (darkest), with the step of 10. The wavelength for this 

measurement was fixed at 1550 nm. At each light intensity level of a certain DUT tem-

perature, result data was read 50 times and was saved into the result file. The full details 

of this temperature & power sweep sub-sequence can be found in Appendix 3. 

4.2 LabVIEW Programming for Temperature Measurement Features 

A comprehensive Emberion LabVIEW sequencer project for testing photodetectors had 

been built prior to the start of this thesis project. For this thesis project, making some 

additional features and small modifications were necessary in order to accommodate the 

changes in this specific generation of photodetectors. 
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First, functions (or subVIs) to define reset time and exposure time were added. The goal 

was to set those parameters from the .SEQ file, and these would define the 

corresponding values in FPGA pixel sequencer. 

 

Figure 23. Data flow of set reset/exposure time functions 

Figure 23 shows a small piece of code that describes the general data flow when Set 

Reset Time.vi and Set Exposure Time.vi (subVIs marked in green circle) were 

used within case structures in a VI of higher-level hierarchy. From the test sequence, 

users can define reset and exposure periods [ms]. These parameter values (resetTime 

and exposureTime) would be then parsed, extracted, and further converted to a U32 

number. This number would be the input of the subVIs Set Reset Time.vi or Set 

Exposure Time.vi, whose code is presented in figure 24. Once the reset or exposure 

time was set, the FPGA pixel sequencer file would be compiled into a memory file for 

further executions. 
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Figure 24. Block diagram of Set Reset Time.vi.  

As shown in figure 24, the FPGA pixel sequencer file whose path was automatically 

defined, was first opened and read. As soon as a reset time was inputted, it was format-

ted into an output string containing a RESETTIME parameter with its defined value. This 

string would then replace the matching expression in the FPGA pixel sequencer, and 

this updated content would be written into the FPGA pixel sequencer file. At the end, the 

file was closed. Error handling was considered throughout every step of this VI: once an 

error happens, the sub-sequential function or subVI will not execute. The code designed 

was identical in the subVI Set Exposure Time.vi, only parameter RESETTIME would 

be then replaced by EXPOSURETIME. 

Next, some modifications were made to properly read the measurement data of this 

batch of photodetectors whose only 4 out of 256 pixels would be read. Figure 25 displays 

a code segment whose functionality was data reading.  

 

Figure 25. A section of LabVIEW block diagram for reading measurement data. 
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As shown in figure 25, the current status of the bridge FIFO was extracted by Bridge 

FIFO Status.vi (circled in green). FIFO channel 0 was  set, and the extracted number 

of available rows in this FIFO channel was compared to 8 (i.e, the measurement results 

of four pixels during reset and exposure time). The result of this comparison decided the 

case selection of the case structure: data reading would happen when the FIFO had at 

least eight available rows. Bridge FIFO Read Raw 4CH.vi (circled in blue) was used 

to get the raw data from FIFO channel 0 with maximum 8 entries. Pointer to data buffer 

was used to read the contents within the FIFO buffer. The output data was of 1D DBL 

array type, and after N iterations of the outermost For Loop, this data became a 2D DBL 

array which would be further processed and saved in .CSV files. 

Finally, before saving any batch data, headers for data columns in .CSV result files must 

be created. For DUTs in TO-8 cans, a specific set of headers were made, as shown in 

figure 26. 

 

Figure 26. Headers created for DUTs in TO8 cans setup. 

As presented in the LabVIEW block diagram in figure 26, an array of headers was built. 

The first 14 string-type headers i.e., Label, Width[um], Length[um], etc. were appended 

to make a 1D string array of 14 elements. Additionally, using a For Loop, headers of 

output voltages for four chosen pixels during reset and exposure were automatically cre-

ated. After the execution of this For Loop, the output arrays would be further concate-

nated to build an end-result 1D array containing 22 string elements. This string array was 

finally converted to a .CSV spreadsheet of 22 columns.  
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Figure 27. Column headers created in .CSV file 

The data string would be later written in a result file, and the end result is depicted in 

figure 27. In the first row, from columns A to V, the headers were generated as a result 

of the LabVIEW code in figure 26. 

4.3 FPGA Pixel Sequencer 

As mentioned in section 3, the primary test approach was automation by having pixel 

switching and supply setting driven by FPGA built on the baseboard. An existing Em-

berion FPGA pixel sequencer program had been made for photodetector generation hav-

ing 16x16 pixels in 4 quadrants (hence 8x8 pixels per quadrant). Pixel switching was 

done in such a way that the FPGA sequencer goes through every single pixel by looping 

through each row and column in each quadrant, samples the measured data, converts, 

then stores it in the memory. The row/column mapping for addressing different pixels in 

a quadrant is presented in table 2. Since only four pixels in one quadrant were to be 

measured in this project, it was necessary to modify the existing pixel sequencer which 

can perform switching of the four interesting pixels, which are marked X in Table 2.  

Table 2. 8x8 pixels mapping in one quadrant 

Row/ 
Column 

0 1 2 3 4 5 6 7 

0 X    X    

1         

2         

3         

4 X    X    

5         

6         

7         
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Six digital lines were utilised to represent row and column number 0 – 7 in 3-bits binary 

form. The interested pixels were four combinations of rows 000, 100 and columns 000, 

100. For this reason, it was enough to toggle only the MSBs (marked red) to address the 

desired pixels; this corresponds to digital lines 2 and 5. Moreover, a digital switch for 

reset/exposure of the sensor named SGND_ON was designed and digital line 6 was 

reserved for it.  

 

 

Figure 28. From up to down: 64 pixels switching, 4 pixels switching 

Figure 28 further illustrates how the pixels switching was done by digitally measuring 

GPIOs using a Keysight oscilloscope. The upper picture shows all the six digital lines D0 

– D5 were toggling for each reset (high) or exposure (low) period (D6), giving a combi-

nation of 64 different pixels accordingly. This was the result of the original, existing FPGA 

pixel sequencer. After the pixel sequencer was modified specifically for this project, the 

switching of four interesting pixels is reflected in the lower picture of figure 28. Only D2 

and D5 were toggling during on/off time of D6, which corresponded to four chosen pixels. 
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5 Measurements & Results Analysis 

An extensive Emberion-made LabVIEW sequencer had been used for automating the 

measurement process of photodetectors, meaning the test engineer only needed to 

place the DUTs in the daughterboard, and the rest of the measurement was driven au-

tomatically, following the .SEQ file. Figure 29 introduces the LabVIEW front panel of 

Emberion Sequencer. Users started the measurement by loading the measurement 

.SEQ file, start or stop the measurement by pressing start/stop sequence buttons. The 

sequencer executed the measurement .SEQ file line by line until the end of file or it will 

stop immediately once an error showed up. Information of the whole measurement sys-

tem was displayed on the right side while other information such as the path of .SEQ file, 

current sequence line being executed, its VI name, its specific test step and relating 

parameters were shown on the left. These slices of information were helpful when track-

ing measurement progress as well as when debugging measurement errors. 

 

Figure 29. User interface of Emberion Sequencer. 

A full measurement sequence lasted for about 1.5 hours. Data acquisition was fully 

achieved automatically by LabVIEW from the instruments, measurement PCBs and 

DUTs. Upon finishing the measurements, .CSV result files were ready for further data 

analysis. A measurement result file of a sample in .CSV format is illustrated in Appendix 

4. In each .CSV result file of the temperature & power sweep, there were in total (13 

temperature levels) x (32 ND-filter positions) x (50 read times) = 20800 data rows, plus 

one row reserved for the headers. Besides, there were 22 data columns, meaning each 

result file can be viewed as a 20801 x 22 data matrix. Eight DUTs were tested in total, 
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and there were only two out of eight devices functioned. This was likely due to the ex-

ceptional difficulties in wire bonding process of these DUTs. 

GNU Octave 5.2.0 was the chosen software for data analysis. The goal was to find the 

temperature dependence of photodetector from the temperature & power sweep meas-

urement from different perspectives. This was accomplished by plotting VOFFSET(DARK), 

VOUT(LIGHT), corresponding VOUT (OFFSET CORRECTED), Responsivity and Noise Equivalent 

Irradiance (NEI) 

1) as a function of temperature at a fixed irradiance (figures 30-32), and  

2) as a function of irradiance at certain temperatures (figures 33-36). 

A script was written to perform data analysis from these measurement result files. This 

full script can be found in Appendix 5. First, .CSV result files must be read, and meas-

urement data of interest were extracted, such as output voltages during reset and expo-

sure of the four pixels, temperatures, positions of ND-filter and corresponding extracted 

irradiances. The equations (19) to (23) were used to process measurement data: 

 𝑉𝑂𝑈𝑇(𝐿𝐼𝐺𝐻𝑇) =  𝑉𝑅𝐸𝑆𝐸𝑇 −  𝑉𝐸𝑋𝑃𝑂𝑆𝑈𝑅𝐸  (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑢𝑛𝑑𝑒𝑟 𝑙𝑖𝑔ℎ𝑡) (19) 

𝑉𝑂𝐹𝐹𝑆𝐸𝑇(𝐷𝐴𝑅𝐾) =  𝑉𝑅𝐸𝑆𝐸𝑇 −  𝑉𝐸𝑋𝑃𝑂𝑆𝑈𝑅𝐸  (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑢𝑛𝑑𝑒𝑟 𝑑𝑎𝑟𝑘) (20) 

𝑉𝑂𝑈𝑇(𝑂𝐹𝐹𝑆𝐸𝑇 𝐶𝑂𝑅𝑅𝐸𝐶𝑇𝐸𝐷) =   𝑉𝑂𝑈𝑇(𝐿𝐼𝐺𝐻𝑇) −  𝑉𝑂𝐹𝐹𝑆𝐸𝑇(𝐷𝐴𝑅𝐾) . (21) 

Output voltages at exposure and reset states were denoted as VEXPOSURE and VRESET. 

VOUT(LIGHT) and VOFFSET(DARK) were the result voltages from light and dark measurement 

correspondingly. It was observed in the absence of light, the photo-detecting system still 

had some offset voltage. Therefore, understanding this non-zero output characteristic 

under dark was important as this directly affected the generated photovoltage and re-

sponsivity of the photodetectors (this will be further discussed in figure 31). 

Knowing the general formula (1) for calculating responsivity of photodetectors presented 

in section 2.1.3, responsivity of the DUTs in this project was specifically determined as 
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𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑖𝑣𝑖𝑡𝑦 =  
𝑉𝑂𝑈𝑇(𝑂𝐹𝐹𝑆𝐸𝑇 𝐶𝑂𝑅𝑅𝐸𝐶𝑇𝐸𝐷) 

 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑃𝑜𝑤𝑒𝑟  
=

𝑉𝑂𝑈𝑇(𝐿𝐼𝐺𝐻𝑇)− 𝑉𝑂𝐹𝐹𝑆𝐸𝑇(𝐷𝐴𝑅𝐾) 

 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 ∗ 𝑃ℎ𝑜𝑡𝑜𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎  
 .      (22) 

Additionally, equation (7) defining Noise Equivalent Power (NEP = Vnoise / Responsivity) 

in section 2.1.3 was also used to derive an important measure describing the perfor-

mance of the DUTs: Noise Equivalent Irradiance, or NEI. This is the amount of irradiance 

needed to give the detector SNR of unity. It was given as 

𝑁𝐸𝐼 =  
𝑁𝐸𝑃 

  𝑃ℎ𝑜𝑡𝑜𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎 
=

𝑉𝑛𝑜𝑖𝑠𝑒

 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑖𝑣𝑖𝑡𝑦 ∗ 𝑃ℎ𝑜𝑡𝑜𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎  
, (23) 

 

where responsivity was previously derived from equation (22), photosensitive area of 

DUTs was 20 µm by 20 µm, noise voltage level was the standard deviation of the offset 

voltage measured under dark conditions. The wavelength of light signal was fixed at 

1550 nm, specific irradiance at this wavelength was extracted from the lamp calibration 

information. The unit of NEI is [W/m2]. 

 

The results from a working device are illustrated in the next figures. It is also important 

to note that data presented are pre-amplification values. 

 

Figure 30. VOFFSET(DARK) when measured under dark conditions (left) and VOUT(LIGHT) when meas-
ured under light at irradiance of 1.04 x 10-3 W/m2 (right). 

From figure 30, it is shown in the left picture the plot of output voltages measured in the 

dark – VOFFSET(DARK) of four pixels in four different colours. This VOFFSET(DARK) was a non-

zero offset voltage measured when there was no light coming to the detector. It can be 

observed that the higher the DUT temperature, the higher the offset voltage. The right 
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plot shows the output voltages measured under light of fixed irradiance 1.04 x 10-3 W/m2. 

It had the similar trend: voltage increased when temperature increased. It appeared that 

at higher temperature, the magnitude of offset voltage under dark and under light were 

somewhat the same, meaning DUT's responsivity was not anymore high enough to gen-

erate signal over noise level. 

   

Figure 31. Corresponding VOUT (OFFSET CORRECTED) (left) and photo responsivity (right) of four pixels. 
The data was extracted at irradiance of 1.04 x 10-3 W/m2. 

Once the voltages measured under light and dark conditions were known, the actual 

photovoltage generated by the DUT – VOUT (OFFSET CORRECTED) was further calculated, and 

its plot is presented in figure 31 (left figure). It can be seen from figure 31 that, the higher 

the temperature, the lower the generated photovoltage. Furthermore, in the right plot of 

figure 31, the relationship of responsivity and temperature is depicted. For the same 

irradiance and photosensitive area, at lower temperature, the generated photovoltage 

was higher, hence better responsivity, and this responsivity lowered when temperature 

got higher. Moreover, it was also important to note that different pixels within a 

photodetector behaved slightly different from one another.  
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Figure 32. Corresponding NEI of four pixels as a function of temperature. The data was extracted 
at irradiance of 1.04 x 10-3 W/m2. 

Figure 32 describes the temperature dependence in terms of noise. At measured irradi-

ance of 1.04 x 10-3 W/m2, to achieve SNR of unity, the required irradiance falling on the 

detector was less at lower temperature, and vice versa. This means SNR was higher at 

low temperature and it started to decrease as temperature got higher. From about 40°C 

onwards, noise started to dominate the photovoltage signal. 

The temperature dependence of photodetectors can also be demonstrated from a differ-

ent perspective: plots of output voltages, responsivity and NEI measured at different 

temperatures as a function of irradiance (figures 33-36). These figures demonstrate the 

results when DUTs were under temperature & power sweep. Data in figures 33-36 was 

taken from the sweep of irradiance from 1.87 x 10-4 W/m2 to 3.72 x 10-3 W/m2, at different 

temperatures: 0°C, 30°C, and 60°C. 

 

Figure 33. From left to right: VOUT(LIGHT) at different temperatures. 
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Figure 33 shows from left to right the output voltages VOUT(LIGHT) of the four pixels of DUT 

under the irradiance sweep at 0°C, 30°C, and 60°C respectively. It was shown at low 

temperatures (especially at 0°C) the expected proportional relationship between output 

voltage and irradiance level. However, at higher temperature (60°C), the sensitivity of 

DUT dropped, there seemed to be only noise, which as a result, gave the flat curves, 

meaning generated photovoltage was lower than noise. 

 

Figure 34. From left to right: VOUT (OFFSET CORRECTED) at different temperatures. 

Once offset voltage observed under dark condition was removed from the output voltage 

measured under light, the residual voltage VOUT(OFFSET CORRECTED), meaning generated 

photovoltage was plotted as a function of irradiance at 0°C, 30°C, and 60°C, as shown 

in figure 34. A similar trend was monitored: photovoltage increased as irradiance got 

higher when measured at lower temperatures (0°C, 30°C). At higher temperature (60°C), 

the photodetector seemed to become insensitive and noise was dominating. 

 

Figure 35. From left to right: Responsivity at different temperatures. 

The temperature dependence of photodetector was further demonstrated in terms of re-

sponsivity in figure 35. Based on the known generated photovoltage, the corresponding 

responsivity was plotted at different temperatures as a function of irradiance. The 
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expected responsivity vs. irradiance plot could be easily seen at lower temperatures 

(0°C, 30°C). However, once temperature was higher (60°C), the responsivity of photo-

detector dropped dramatically, most of the pixels were no longer sensitive, only noise 

was seen.  

 

Figure 36. From left to right: NEI at different temperatures. 

From the NEI point of view, figure 36 shows the required irradiance to yield SNR of one 

was lower at 0°C, and it needed more irradiance to produce such SNR as the tempera-

ture got higher. At 60°C, noise was had a major influence, the photodetector was no 

longer sensitive.  

6 Discussions and Conclusions  

The development of a temperature measurement system including hardware, software 

as well as the actual temperature measurement execution and data analysis were initially 

set to be the main goals of this thesis project. It can be concluded that this set of goals 

was successfully achieved. In terms of hardware, a measurement PCB was designed 

using PADS, then it was manufactured, and tested to be functional. From software point 

of view, modifications of FPGA Pixel Sequencer for desired pixel switching was accom-

plished; additional LabVIEW code was amended, properly run, and gave expected out-

puts; test sequence file for measurement automation was built and worked as intended. 

Furthermore, the temperature measurements can be said to be conducted in a proper 

manner. Dark-signals were measured along side with light-signals at different tempera-

ture levels, which as a result, gave a good estimation of sensor’s (1) offset in dark, (2) 

response to light and (3) noise level present in the detection system as a function of 

temperature. Number of data samples taken was sufficiently high, which helped 
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maintaining the accuracy of measured data. Finally, with the help of GNU Octave, meas-

urements results were efficiently analysed, and the critical plots were generated for better 

data visualization, thus important propositions or findings could be immediately con-

cluded. 

 

Even though only two out of eight tested Emberion R&D photodetectors were working, 

which was likely due to high complexity in packaging process, it was enough to study the 

temperature dependence of these photodetectors. The temperature dependence which 

was mainly due to thermally generated charge carriers was observed, and this outcome 

provides important insights for future developments of high-performance photodetectors 

of Emberion. This strong dependence of photodetectors on temperature also confirms 

the challenges that photodetector technology in general encounters: developing un-

cooled photodetectors means performance must suffer, while photodetectors operating 

with coolers would increase cost and power consumption. This suggests that further 

studies and experiments are needed in this area in order to improve the temperature 

characteristics of photodetectors. 
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Appendix 1: Daughterboard Schematic 
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Appendix 2: Daughterboard Layout 
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Appendix 3: Test Sequence: Temperature & Power Sweep 
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Appendix 4: A .CSV Measurement Result File 
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Appendix 5: GNU Octave Script for Data Analysis 
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