
i 

 

                  

 

 

Comparison of Diffused and                 

Implanted InSb pn-photodiodes 

Performance 

 

Ali Asadollahi 

 

Master of Science Thesis 

Supervisor: Dr. Carl Asplund (IRnova AB) 

Supervisor: Susan Savage (Acreo AB) 

Supervisor: Oscar Gustafsson (KTH) 

Examiner: Prof. Mattias Hammar (KTH) 

 

  



ii 

 

1. Abstract 

In this project, two different methods for fabrication of InSb p-n photodiodes were compared. Ion 

implantation with Mg as a standard way to fabricate InSb p-n diodes was compared to in-diffusion of 

zinc atoms from the gas phase using a metal organic vapor phase epitaxy (MOVPE) system. The 

application of this method to the InSb system has not been previously reported. A Monte-Carlo-based 

simulation program (SRIM: Stopping and Range of Ions in Matter) was utilized to simulate and 

extract doses and energies of Mg ions to have different depths for p-doped regions with 1E19 cm
-3

 

concentration. Diffusion runs were performed at three different temperatures of 400, 440 and 475 °C 

for 15 minutes. Dark current and photoresponse measurements were performed on different doped 

areas as a function of temperature and detector bias for all samples. 

Samples diffused at high temperatures (440 and475°C) showed a high leakage current and were highly 

conductive. Measurements on devices with different areas revealed that surface leakage constitutes the 

main part of the dark current. The estimated quantum efficiency of the implanted and diffused samples 

is roughly 30 percent. Secondary ion mass spectrometry (SIMS) measurements were performed on 

diffused samples and a high concentration of dopants at the surface with a narrow profile was 

observed. However, the samples annealed at the higher temperatures of 440 and 475°C didn't show 

any significant change in the diffusion profile as compared to the sample annealed at 400°C. This is 

suggested to be due the zinc desorption from the surface.  

For optimized annealing time, flow rates and gas partial pressures for the diffusion technique 

combined with some measures for inhibiting the surface leakage (e.g., surface passivation) this can be 

a viable alternative to the ion implantation technique for making InSb photodiodes.   
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2. Introduction 

Over the last few decades high performance IR detectors have been developed successfully. Among 

the five divided regions of infrared radiation, medium wavelength infrared (MWIR) has a great 

importance with many applications in environmental gas monitoring, thermal sensing, military, 

medical, aerospace and industrial purposes. [1],[2],[3],[4],[5],[6] 

InSb has the narrowest band gap among III-V materials (0.226 eV at 77 K) which is used to detect 

MWIR radiation and also has extremely high Mobility (1E06 at 77 K) which has made it a suitable 

candidate for high performance photodiodes and high speed electronic devices. InSb photodiode offers 

some advantages over the other materials used for this wavelength range, these materials include: 

HgCdTe, that is expensive and difficult to fabricate with high quality; quantum well infrared 

photodetectors (QWIP) which have low quantum efficiency; and InAs/GaSb type II superlattices, 

which have good quality and performance and rather cheap but yet not commercially available. 

However InSb is cheap and mature material in which 2 inch bulk substrates are commercially 

available. [7],[8],[9],[10],[2],[11],[12],[13] 

InSb p-n diodes are generally fabricated by impurity diffusion using sealed quartz ampoule, ion 

implantation, molecular beam epitaxy (MBE), and as more recently reported by heteroepitaxial growth 

using metal organic vapor phase epitaxy (MOVPE). [6],[14],[15],[16],[17],[18] 

Fabrication of p-n junction photodetectors in III-V materials using precisely controlled and 

reproducible MOVPE Zn diffusion technique has also been reported for InP, InAs, InAsP and InGaAs, 

and high quality photodetectors with uniform doping profiles have been fabricated by this technique. 

[18],[19],[20],[21] 

In this project, InSb pn-photodiodes fabricated using Mg implantation and Zn diffusion, respectively, 

were compared with respect to photo response and dark current. Metal organic vapor phase epitaxy 

(MOVPE) system was used for Zn diffusion into the InSb substrate; here we refer to this technique as 

metal organic vapor phase diffusion (MOVPD).By examining the perimeter over area ratio for 

different doped areas in all samples, the surface leakage was found as the main contributor to the dark 

current, which can be suppressed by a proper passivation technique. The samples diffused at higher 

temperatures (440 and 475 °C), showed high leakage current and high conductivity. SIMS 

measurements on diffused samples revealed a high concentration of dopants at the surface with a 

narrow profile. Among the diffused samples, only the one annealed at 400 °C resulted in low dark 

current. The observed photoresponse for this sample was comparable with implanted samples, and the 

estimated quantum efficiency for the diffused (at 400 °C) and implanted samples were around 30 

percent. In conclusion, when the diffusion parameters are optimized and surface leakage is inhibited, 
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e.g. by surface passivation, MOVPD could be a potentially advantageous method to fabricate the InSb 

photodiodes compared to ion implantation technique.   

.  

The aim of this project has been to fabricate InSb p-n diodes using MOVPE to diffuse Zn into a low n-

doped InSb substrate; and to compare these devices with the Mg implanted InSb p-n diodes. After the 

introduction in chapter 1, the theory of IR radiation, different types of photodetectors and their figure 

of merits as well as p-n junction fabrication techniques are explained in chapter 2. In chapter 3,the 

design and simulation of the required energies and doses for Mg ion implantation are described. In 

chapter 4 the experimental work and fabrication processes are detailed. In chapter 5, the dark current 

and photoresponsivity measurement results for the diffused and implanted samples are compared and 

discussed. The diffusion profile of the diffused samples which is determined by secondary ion mass 

spectrometry (SIMS) is shown in this chapter. Finally, chapter 6 concludes the main achievements and 

problems and proposes some ways for optimization of the MOVPE-based diode diffusion process. 
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3. Theory 

3.1 Infrared radiation 

Infrared radiation is a kind of electromagnetic wave with a wavelength in the 0.75 µm to 1000 µm 

range. It is divided into three regions:  near infrared wavelength region from 0.75 µm to 3 µm. middle 

infrared from 3µm to 6µm and long infrared from 6µm to 15µm. 

Infrared radiation has some specific characteristics for instance it is invisible to human eyes. Thus, it 

can be used for security approaches. It has small energy compare to vibration of molecules. Hence it 

can be applied for identification of molecules. Due to its long wavelength it has few scattering and can 

be transmitted through different medium and it is emitted from variety of objects. Consequently 

infrared detectors are being fabricated as a result of wide variety applications of infrared 

radiation.[22]Infrared radiation can be transmitted in different media such as vacuum, the atmosphere 

and optical fibers. The wavelength regions from 3 µm to 5µm and from 8 µm to 12µm, where the 

absorption is lower than the other regions, are called “atmospheric windows” and can be used for 

remote sensing applications. [22] 

 

Figure1.Example of the transmission through the atmosphere for a 1 km path.[23] 

 

3.2 p-n junction 

Here the semiconductor is a single-crystal material and one region is doped with acceptor impurities to 

form p-type region, and the other one with donor impurities to form n-type region. The interface 

between these two regions is called the metallurgical junction. If we consider an abrupt change in 

doping profile at the metallurgical junction because of a large density gradient of carriers, electrons in 

n-type and holes in p-type region start to diffuse into the adjacent region. If we consider there is no 
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external applied voltage across the p-n junction, then this diffusion process would stop at some time 

later. As electrons diffuse from n-region to the p-region they leave positively charged atoms behind. 

Likewise, as holes diffuse to n-region negatively charged atoms are left behind. These two regions are 

called the space charge region. The fixed positive and negative charges produce an electric field in the 

region close to the metallurgical junction, in the direction from n to p-region. Any electron or hole in 

this region will be swept out by the electric field. Since there is no mobile charge in the space charge 

region, this region is also referred to as the depletion region. At the edge of the depletion region the 

density gradient of majority carriers still exists. We can consider this density gradient as a diffusion 

force on the carriers. At the edge of the depletion region, the electric field produces another force on 

the carriers in the opposite direction. In thermal equilibrium, the diffusion force and the electric field 

balance each other and there is no increase in depletion region width in this case. Fig 2.Shows the 

depletion region with the internal electric field and the diffusion force on the carriers[24]. 

 

Figure2. The depletion region, the electric filed, and the diffusion force on carriers. [24] 

P-n junctions in semiconductors are made by several techniques, such as diffusion of impurities into 

the bulk, ion implantation and growth of an epitaxial layer of one type on a substrate of opposite type.  

Fig 3. Shows the band diagram and the movement direction of photo generated carriers in the opposite 

direction of the diffusion current in the depletion region.  
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Figure3.Energy band diagram and photoexcited carriers in the depletion region.[25] 

p-n junction has rectifying behavior for current. Take into account that the photocurrent will be added 

to the reverse current [25]. 
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3.3 Types of Photodetectors 

IR detectors have two categories: photon detectors and thermal detectors.In photon detectors infrared 

radiation is absorbed in the material by interaction with the material’s electrons. Changes in the 

electronic energy distribution lead to an electrical output signal. [26] There are different types of 

photon detectors such as intrinsic detectors, extrinsic detectors, photoemissive detectors and quantum 

well detectors. They have various modes of operation, e.g., photoconductive, photovoltaic, photo 

electromagnetic (PEM), and photoemissive; [26] however, the two main types are: photoconductive 

and photovoltaic. Photoconductive detectors sense both majority and minority carriers and 

photovoltaic detectors sense minority carriers. In thermal detectors a thermally isolated detector 

absorbs the photons, then its temperature increases and can be sensed by monitoring resistivity or 

dielectric constant[27].Thermal detectors are wavelength independent and photon detectors are 

wavelength dependent. Thermal detectors do not need to be cooled; however, their response time is 

slow and their detection capability is low. Photon detectors have a much higher response time. 

Nevertheless, many of them should be cooled for accurate measurement and enhancing signal to noise 

ratio (S/N). [22] This is crucial to inhibit the thermal generation of carriers. In non-cooled detectors, 

the number of thermally generated carriers is on a level with optically generated carriers; therefore, 

they make a lot of noise in photon detectors. These cooling requisites act as an obstruction to more 

broad use of IR photodetectors, as it makes them bulky, heavy, costly and difficult to use. [26] Various 

cooling methods such as thermoelectric cooling, cryogenic cooling, and mechanical cooling are 

employed for this purpose.[22] 

Table 1.shows the comparison of different infrared detectors 



8 

 

Table 1.Comparison of different infrared detectors [26]. 

 

Detector type  Benefits Drawbacks 

 

Thermal 

 

Thermopile, bolometers, pyroelectric 

Durable, light, 

reliable and 

inexpensive. 

Operate at room 

temperature 

Low detectivity at high frequency. 

Slow response (order of ms) 

 

 

 

 

 

 

 

 

 

 

Photon 

 

 

 

 

Intrinsic 

ІV-VI  (PbS, PbSe, 

PbSnTe) 

Easy to fabricate, 

stable 

Very high thermal expansion 

coefficient, 

Large permittivity 

II-VI (HgCdTe) Easy bandgap 

tuning, well 

developed theory 

and experiment, 

multicolor 

capability 

Non-uniform over large area, 

expensive, surface instability 

III-V (InGaAs, InAs, 

InSb, InAsSb) 

Developed 

technology, 

possible 

monolithic 

integration 

Hetereoepitaxy with large lattice 

mismatch, 

Long wavelength cut-off limited to 7 

µm at 77 K 

 

Extrinsic 

Si:Ga, Si:As, Ge:Cu, 

Ge:Hg 

Very long 

wavelength 

operation, 

Quite easy 

technology 

High thermal generation, 

Very low temperature operation 

 

Photoemissive 

PtSi, Pt2Si, IrSi Low cost, high 

yields, 

Large and closed 

packed 2D arrays 

Low quantum efficiency, low 

temperature operation 

 

 

 

Quantum wells 

Type I 

(GaAs/AlGaAs, 

InGaAs/AlGaAs) 

Developed 

growth, uniform 

over large area, 

Multicolor 

capability 

High thermal generation, 

Complex design and growth 

Type II 

(InAs/InGaSb. 

InAs/InAsSb) 

Low Auger 

recombination 

rate, 

Easy wavelength 

control 

Sensitive to interfaces, 

Complex design and growth 
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The performance of photodetectors can be analyzed regarding the materials are used in them. The 

detector performance has some ultimate limits which are due to fluctuation in signal radiation and 

background radiation reach the detector. [25] 

 

3.3.1 Photoconductive effect 

When a semiconductor surface is illuminated with a suitable wavelength, the photons interact with 

electrons in the material. These electrons can be in the form of bound electrons to the lattice atoms or 

impurity atoms or they can be free electrons. These effects can be divided into two groups, internal 

and external. In internal effects photo generated carriers remain in the material. The internal photon 

effects are found in three different ways: a) a photon interacts with either a lattice bound electron or an 

impurity bound electron and gives rise to a free electron-hole pair which is named the intrinsic photo-

effect). Or the photon interacts with free electron and bound hole or vice versa and is called the 

extrinsic photoeffect. b) the interaction of photon with free carriers; c)  removal of an excited electron 

into a higher energy state without leaving the atom.  The external photo-effect which is called the 

photoemissive effect is the emission of an electron from the material surface because of photon 

absorption.[25] 

Photoconductivity is the most significantly used effect, which is the change in electrical conductivity 

of a material caused by an incident photon. This change in electrical conductivity can be measured by 

attaching electrodes to the material. See Fig 4.  

 

Figure4.Schematic photoconductivity geometry and circuit[25]. 
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In intrinsic photoconductivity a free electron-hole pair will be generated by a photon with a minimum 

energy of the order of the material’s bandgap, See fig 5.Thus we have 

     , 

  

 
     

  is the long wavelength limit at which intrinsic photoconductivity occurs .  

   
  

  
  

 If the wavelength is written in terms of µm and bandgap energy in terms of eV the formula becomes 

an easier form which is 

  (  )  
    

  (  )
  

 

Figure5.Intrinsic photoconductivity effect.[25] 

 

In extrinsic photoconductivity a photon without sufficient energy to generate an electron-hole pair, 

would generate either a free electron bound-hole or free hole bound-electron at an impurity center, See 

Fig 6.  

 

 

Figure6.Extrinsic photoconductivity effect.[25] 
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The long wavelength limit in this case is  

   
  

  
  

Where    is the impurity ionization energy. So it can be given as 

  (  )  
    

  (  )
  

Generally speaking, photoconductivity is a majority carrier effect, i.e. the number of majority carriers 

will increase by absorbing an incident photon and the photocurrent is made up of these extra carriers. 

Minority carriers also can contribute to photocurrent but their lifetime in the material is much shorter 

than the majority carriers, they recombine with majority carriers very quickly; therefore, their 

contribution to the photocurrent is trivial. The photoconductive gain is the ratio between the free 

carrier lifetime and the transient time.[25] 

  
 

  
 

 

3.3.2 Photovoltaic effect 

In the photovoltaic effect, generated electron-hole pairs will be separated by an internal potential 

barrier with a built-in electric field. This separation usually is done by a simple p-n junction. However, 

other kinds of structures are also used such as avalanche, p-i-n, Schottky barrier and heterojunction 

photodiode.[25] 

Without applying bias the photovoltaic effect is an open circuit voltage produced by incident 

illumination. Nevertheless, photovoltaic detectors are often operated under reverse bias, in order to 

capture the photosignal as a photocurrent rather than photovoltage, this mode of operation is called 

photoconductive mode. Fig 7 shows the I-V characteristic of a photovoltaic detector. In addition Fig 8 

shows the open circuit photovoltage, and reverse-biased photoconductive mode in which the detector 

is connected to a load resistor to show the photosignal as current flowing. 
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Figure7.Current-voltage characteristic of a photodiode[25]. 

 

 

Figure8. (a) Photovoltaic effect (open circuit photovoltage). (b) Photoconductive mode [25]. 

 

The basic equation of photoconductivity for photovoltaic detectors is  

         [25]. 

Which   is the quantum efficiency that shows the number of photogenerated carriers per absorbed 

photon; q is the electronic charge;    is the photon absorption rate .i.e. number of absorbed photon 

with wavelength λ per unit time in the detector.  

  can be expressed as  

   
   

  
.[25] 

Where    is the absorbed monochromatic power. 

So that     can be written as  

    
     

  
[25]. 
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This is the short circuit current of a p-n junction diode which operates in photoconductive mode. By 

multiplying the short circuit current    , by the dynamic resistance at zero bias, which is the slope of  

  

  
 at the origin, the photovoltaic signal or the open circuit voltage can be achieved. In general the I-V 

characteristic of a diode would be 

     [   (
  

   
)   ].[25] 

 Where   is the dark current,    is the reverse-bias saturation current, V is the applied voltage, k is the 

Boltzmann’s constant, β is the constant and approximately equals 1, and T is the absolute temperature. 

The slope at the origin is  

 

 
 

  

  
     

   

   
.[25] 

R is the dynamic resistance at zero bias. Therefore the photovoltaic signal or open circuit voltage    is 

expressed as  

    
       

    
.[25] 

Unlike the photoconductivity, the photovoltaic effect depends on minority carrier lifetime. Here both 

photo generated carriers (electrons and holes) need to be captured in order to have a photo-signal. Due 

to the shorter life time of minority carriers than majority ones, the photovoltaic signal comes to an end 

when the minority carriers recombine. Different kinds of photodiodes can be categorized as a) 

avalanche photodiodes, b) p-i-n photodiodes, c) Schottky barrier photodiodes, d) heterojunction 

photodiodes, and e) bulk photovoltaic effect. [25] 

3.4 Figures of Merit 

To evaluate the performance of photodetectors, it is essential to define a figure of merit. This was done 

during the 1950s and 1960s.[25]The main characteristics which show the performance of detectors 

are: responsivity, noise equivalent power (NEP) and detectivity D*.[22] Quantum efficiency, another 

figure of merit, is defined as the number of photogenerated carriers per incoming incident photon and 

is dependent upon two factors: the efficiency of the radiant absorption and the efficiency with which 

the photogenerated carriers are detected. [27] 

 

3.4.1 Responsivity 

Responsivity is defined as the ratio between output voltage or output current and the wattage of input 

energy.  
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    [V/W] 

S: Signal output [V], P: Incident energy [W/cm2], A: Detector active area [cm2]. The output signals 

from photovoltaic detectors are expressed as photocurrent; accordingly the responsivity is shown in 

A/W. The responsivity for photoconductive detectors is denoted by V/W. [22] 

 

3.4.2 Quantum efficiency 

Quantum efficiency (η) is a value which is used to determine the current responsivity of a detector. It 

shows how many electron-hole pairs will be generated in the material by an incident photon.   

 

3.4.3 Noise equivalent power: NEP 

This is the value to measure the sensitivity of a detector and is defined as the quantity of incident light 

when the signal-to-noise ratio is 1. Hence, it is vital to have a low value of NEP for better sensitivity 

of a detector.  

    
  

 

 
 √  

 

N: Noise output,   : Noise bandwidth.[22] 

 

3.4.4 Detectivity: D* 

Detectivity is measurement of the S/N ratio of a detector when 1 W of infrared radiation passes an 

optical chopper and reaches the detector. This is defined as the photo-sensitivity per unit active area of 

a detector, and is used to evaluate the characteristics of different detectors.  

Detectivity is given by:    
√    

   
 

It is often indicated in the form of   (     ), where A is the temperature (K) or wavelength (µm) of 

the radiant source, B is the chopping frequency, and C is the bandwidth. The larger the detectivity, the 

better the detector is.[22] 

Minimum detection limit is determined by background noise in photodetectors, which is called 

“background limited infrared photodetection (BLIP)”.The BLIP of photovoltaic detectors is defined as 

follows: 
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 √ 

  √  
 

   Wavelength, η: Quantum efficiency, h: Plank constant, c: speed of light, Q: Flux of background 

radiation. [22] 

 

Figure9.Detectivity (  ) vs. wavelength for different infrared detectors.[26] 

 

 

The other value which is used to calculate the current responsivity is photoelectric gain, g. It describes 

the number of carriers passing the contacts for one generated electron-hole pair.[26] So the spectral 

current responsivity is written as follow:  

   
  

  
  [26]. 

λ: Wavelength, h: Planck’s constant, c: Light velocity, q: Electron charge  

The noise current as a result of generation and recombination is: 

     (   )         .[26] 
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G and R: Generation and recombination rates,   : Frequency band, t: Thickness of the detector,   : 

Electrical area  

Detectivity,    which characterizes the normalized S/N performance of the detector, can be written as 

   
  (    )

 
 

  
  [26] 

  : Optical area  

By substituting the spectral current responsivity and noise current equations into the detectivity 

equation we have:  

   
 

  
(
  

  
)

 

    (   )   
 

 .  [26] 

The higher the value of      (   )  
 

 , the better the device operates; which means the highest ratio 

of optical generation to the square root of thermal generation and recombination. Thus, to optimize the 

device performance, a high quantum efficiency, a thin device and the minimum amount of thermal 

generation and recombination is needed. By assuming  
  

  
   , the quantum efficiency and detectivity 

are 

        (   ) 

   
 

  
(      )   (   )   

 

 . [26] 

α: Absorption coefficient 

To gain the lowest value for thermal generation, the detector should be cooled by cryogenic cooling. 

When the thermal generation value is below the optical generation the detector is in its ideal situation. 

Generation and recombination has the same value at equilibrium, so detectivity would be 

       
 

  
(
 

 
)

 

 . [26] 

 

   
 which shows the ratio between the absorption coefficient and thermal generation is used as a figure 

of merit for any kind of infrared photodetector and the detectivity limit can be ascertained by that.[26] 

Figure 10.Shows the absorption coefficient for different photodetectors. 
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Figure10.Absorption coefficient vs. wavelength for different photodetectors[26]. 

The absorption coefficient for direct band gap semiconductors with bandgap, Eg, is:    (   

  )
 

   where β is a constant and hυ is the incident photon energy. [26] 

Figure 11.Shows 
 

   
 ratio in terms of wavelength for various photodetectors at 77K. 

 

Figure11.
 

   
ratio regarding cut-off wavelength for several photodetectors at 77K.[26] 

The generation rate in total is  

          

Optical generation,    , is caused by signal or background radiation. Background radiation can be 

larger than signal radiation. When the rate of thermal generation is below the background radiation, 
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the device detection is governed by background radiation, and this condition is called BLIP 

(background limited infrared photodetection).[26] This situation would be as 

    

 
     

   : Density of thermally generated carriers at temperature T,  : Carrier lifetime,  : Total 

background photon flux density that reach the detector  (
 

    
)  

Then we have 

    
   

 
 

   

 
     

This means that optically generated carriers should be higher than thermally generated ones.  

Photovoltaic BLIP is 

     
  

 

  
(

 

   
)

 

 .  [26] 

BLIP temperature of a detector is the temperature in which dark current is equal to background 

photocurrent. 

 

3.5 Noise in radiation detectors  

Noise is the intrinsic fluctuation in voltage or current of the detector, which is measured in the same 

node as the responsivity. Noise on a node is calculated by fluctuation in the number of carriers. 

Variance in the number of carriers on the node is as follow: 

〈   〉         .[27] 

   : Number of thermally generated carriers,    : Number of carriers generated by incident 

background 

InSb detectors are often used at zero bias and the dominant noise for them is Johnson noise (ij).  

   √
    

   
 

   : Shunt resistance 

In addition, background light noise at room temperature should be considered for them. To reduce the 

background noise, a cold shield which restricts the field of view (FOV) and a cooled band-pass filter 

which just passes the wavelength of interest, should be used. [22] 
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The optical signal in all detectors is limited by several types of noises which can arise from the 

detector itself, from the background radiation and also in the electronic system. To get rid of the 

electronic noise that influences the detector performance, an electronic design is required that reduces 

the system noise below the output of the detector. When no bias is applied to the detector the only 

internal noise is called Johnson noise, Nyquist noise or thermal noise. This type of noise is due to the 

random motion of carriers in the resistive material and is always connected to a dissipative 

mechanism. The Johnson noise just depends on the temperature. The other types of internal noise are 

dependent on applied bias and they add to the Johnson noise in the quadratic form, so they are all 

considered as excess noise. The main forms of excess noise are a) generation-recombination or g-r 

noise which is found in photoconductors. b) Shot noise of diffusing carriers or simply shot noise, 

which can be found in photodiodes such as p-n junctions and Schottky barrier diodes. c) 1/f (one over 

f) noise which has also been called flicker noise.[25] 

Below, some important types of noise in photovoltaic detectors are described in more detail.  

 

3.5.1 Johnson noise 

As described above Johnson noise is independent of the applied bias and exists in all resistive 

materials. One of the ways to analyze the power spectrum is to consider the Johnson noise as a one-

dimensional form of black body radiation. The mean square of Johnson noise power is given by 

       

Where k is Boltzmann's constant, T is the absolute temperature of the sample and B is the 

measurement bandwidth. The open circuit noise voltage    and the short circuit noise current   can be 

written as 

   (     )
 

  

And  

   (
    

 
)

 

 . [25] 

where R is the resistance of the sample.  

 

3.5.2 Shot Noise 

Shot noise is found in photovoltaic detectors under bias. Shot noise current is given by 
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Where    is the reverse bias saturation current and B is the measurement bandwidth. The zero bias 

resistance or the slope of the I-V curve at the origin is 

  
  

   
  

Therefore I is equal to zero at zero bias and    would be 
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)

 

  

This is also the expression for Johnson noise current. By applying enough reverse bias we have 

   (     )
 

   

This is the most common equation used to describe shot noise.[25] 

 

3.5.3 l/f Power Law Noise 

In this type of noise the noise power is inversely proportional to frequency. This noise current is 

described as 

   (
    

  

  
)

 

   

Here    is a proportionality factor,   is the bias current, B is the measurement bandwidth, f is the 

frequency, α is a constant with value around two, and β is also a constant around unity. In infrared 

detectors 1/f noise usually appears at low frequencies. This type of noise is related to the potential 

barriers at contacts, interior, or surface of the device. In single crystal devices with ohmic contacts, l/f 

noise emerges from the surface of the material. For minimizing it, optimization of the contacts and 

surfaces is required.[25] 
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3.6 p-n junction fabrication techniques 

3.6.1 MOVPD 

MOVPE is used to fabricate a variety of high performance superlattice devices and epitaxial grown 

structures.CVD (chemical vapor deposition) is the general term being used for material growth, and 

MOVPE describes the fact that metalorganic molecules are used as gas precursors. And the whole 

term means the growth of single-crystalline epitaxial layers. Growth in MOVPE occurs due to the 

reactions between metalorganic group-III alkyls (such as TMGa, TMAl, DEZn, TMIn etc.) and group-

V materials which are usually hydrides (such as AsH3, PH3, NH3 etc.).This is in contrast to molecular 

beam epitaxy (MBE) where crystal growth is due to physical deposition. MOVPE has produced 

extremely high quality InP and GaAs and is capable of producing high quality nitrides for photonic 

devices. Generally, MBE, Chemical beam epitaxy (CBE) and MOVPE all produce devices with 

similar performance characteristics. The MOVPE technique is highly versatile without an ultra-high 

vacuum chamber and suitable for large-scale production of III/V and II/VI compound materials. It is 

the desirable technique for high growth rate and suitable for fabricating large area devices, such as 

LEDs and solar cells. The main processes that occur during MOVPE growth are thermodynamic, mass 

transport and kinetic. Thermodynamics is related to the driving force for growth and kinetics 

determines the rates of occurring steps. [28] 

The MOVPE chamber is made of stainless steel or quartz walls, a ceramic or quartz liner and a 

temperature controlled susceptor on which a substrate sits. Gas precursors are introduced to the 

chamber via bubblers and controlled a by switching system. The bubbler introduces a carrier gas 

which is typically N2 or H2, to the liquid metalorganic, and then the carrier gas takes some 

metalorganic vapor and carries it to the chamber.  

In this project we used the MOVPE reactor for diffusing Zn atoms into an-type InSb substrate to make 

a p-n junction. Fabrication of p-n junctions in III-V materials using the MOVPE diffusion technique, 

which is sometimes called metalorganic vapor phase diffusion (MOVPD), by diffusing Zn atoms into 

InP, InAs, InAsP and InGaAs has been reported. [18],[19],[20],[21] On account of the diffusion 

profile there is always a high concentration at the surface which is desirable for an ohmic contact.  

 

Figure 12.shows the KTH University MOVPE reactor that we used for Zn diffusion into InSb.  
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Figure 12.MOVPE reactor in KTH University clean room lab. 

 

 

3.6.2 Ion implantation 

Ion implantation is a technique to introduce dopant ions into a target material very precisely. This 

means the specific dose or number of dopant atoms into the target material. The electrical charge in 

the ions allows them to be counted by collection in a Faraday cup. The source of the ions to be 

implanted is often a gas. Charged ions are formed by exposing the source gas to an arc discharge. 

Then the ions are accelerated in an electric field to their final energy. Since many types of ions maybe 

formed in the source region, all ion implanters select a particular ion to be implanted by bending the 

ion beam through a magnetic field. Ions with different masses will bend at different rates in the 

magnetic field, allowing one type of ion to be selected at the output by adjustment of the Reld 

strength.  

Ion energy can be in the range of 200 eV up to several MeV. Dose can be written as 

     
 

 
∫

 

 
   

Where A is the implanted area, I is the ion current, and t is implantation time. 

 

 

 

Figure 13.shows a schematic model of an ion implantation instrument 
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Figure 13.Schematic model of ion implantation instrument.[29] 

 

Ion implantation is a low temperature process with accurate measurement of dose using a Faraday cup. 

There is good control of the resulting vertical dopant profile and very uniform doping across the wafer 

in ion implantation. Moreover, lateral engineering is possible by tilted implants. However ion 

implantation introduces crystal damage which requires subsequent annealing at high temperature, 

which can cause impurity diffusion during annealing. Unlike diffusion, dopants profiles in ion 

implantation can often be described by a Gaussian distribution, with a projected range and standard 

deviation. 
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4. Design and simulation 

 

The first goal of this project was comparison between epitaxial and implanted InSb pn-diode 

performance. The first step of the project was designing the epitaxial layer of p-type InSb on n-type 

InSb substrate, finding the proper concentration and thickness of the epitaxial layer and also 

simulating the implantation process to find the desired dose and energy for the p-type implantation ion 

and the minimum thickness of the implantation mask.  

SimWindows simulation software was used for designing the epitaxial layer. SimWindows is a 

semiconductor device simulation program which has been developed at the Optoelectronics 

Computing Systems Center at the University of Colorado, Boulder. It can be used for different 

optoelectronic devices. 

Therefore SimWindows was used for designing the epitaxial layer with a concentration of 1E18 cm
-3

 

(  : Zn in this case) and substrate doping of 6E14 cm
-3

 (  ). All the parameters which were needed 

for simulation were taken from literature, [30] and the Ioffe Physico-technical Institute website. [30] 

After simulation the following figure was obtained.  

 

Figure 14. Band diagram of InSb p-n diode simulated in SimWindows 
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As can be seen from figure 14.the depletion region is ragged and extended to the bulk region. It is due 

to the reason that the SimWindows has not been designed for device operation at low temperatures and 

the “not converged” message appears for simulation at low temperature.  

4.1 Calculation of epitaxial layer thickness and concentration 

At this stage the SimWindows was ignored and the minimum required concentration and thickness for 

the epitaxial layer calculated according to p-n junction formulas from literature.[24] This was started 

from calculation of the effective density of states in the conduction band by using the following 

formula  

            
 

   (cm
-3

) ,[31] 

And the effective density of state in the valance band is 

              
 

   (cm
-3

), [30] 

Therefore the intrinsic carrier concentration would be 

   (     )
 

  
   

    (cm
-3

). [30] 

 

At a temperature 77 K and considering          as the p-type layer concentration and 

           as the n-type dopant concentration we have  

           (  )
 

           (cm
-3
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             (  )
 

             (cm
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Thus  

   (     )
 

  
   

              (cm
-3

) 

Here              (eVK
-1

) is the Boltzman constant. 

The built-in potential barrier in a p-n junction can be written as  

         (
    

  
 )[24] 

In the case of our samples             V  

Thus the depletion region width can be determined by 
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Where       is the permittivity, in which  is the relative permittivity of the material and    

            

  
is the vacuum permittivity.  

For our samples, W = 0.80025 µm 

The depletion region width in the bulk or n-region is 
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So we have                 

And the depletion region in the p-type or epitaxial grown layer is 
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By substituting we get              

From calculations we found that for a p-type doing of          cm
-3

, the depletion region depth in 

the p-side is less than 5 nm; therefore, the suggested epitaxial p-type layer design would be > 50 nm 

InSb with Zn doping >     cm
-3 

. Thus with such a design there would be no risk of depleting the p-

type contact material below the metal; regardless of the position of the Fermi level at the surface. [32] 

 

4.2 Calculating required energies and doses for implantation  

SRIM (Stopping and Range of Ions in Matter) is a program that utilizes the quantum mechanical 

behavior of ions and atoms. TRIM (the Transport of Ions in Matter) is one the programs in the SRIM 

software. It uses the Monte-Carlo method to calculate damage, sputtering, ionization, phonon 

production, and the transferred energy to every ion-atom collision. It is capable of calculating 

compound targets of up to eight layers. 

We used TRIM for simulating the range of Mg into InSb and calculated the required doses and 

energies of the ion in order to achieve different rectangular doping profiles with a high concentration 

at the surface.  

 

For making a      junction by implantation, zinc was first simulated as the dopant, but because of 

its large atomic size it could introduce a lot of damage into the sample in practice which would not be 
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repaired even after annealing. So beryllium was then chosen as the dopant ion for simulating ion 

implantation, because it has small atomic size, and also should not diffuse into the bulk region during 

annealing [9].However due to its toxic characteristic and required safety precautions, it was not 

possible for this to be carried out at Uppsala University.[8] Finally magnesium was chosen as the 

dopant ion for implantation which despite its rather small size, does not diffuse into the bulk material 

during annealing.[33] At this point SRIM was used to calculate the energy and dose of the dopant ion, 

and to determine the minimum thickness of photoresist that can be used as a mask and also to know 

the amount of damage that would be introduced into the sample. To have different depths of p-region, 

rectangular profiles of dopants and a high concentration of dopants at the surface, different energies 

and doses were applied. Selected energies were 10, 50, 130 and 300 KeV. By combination of these 

energies with various doses, different p-type depths with the same concentration of 1E19 cm
-3

, were 

simulated by SRIM. The stopping range for the highest ion energy, 300 KeV, in the resist 

mask calculated by SRIM was equal to 1.5 µm, which shows the minimum thickness of resist 

mask for implantation. Implantations were performed at Uppsala University with Mg as the p-type 

dopant. 

Figure 15, shows the simulated magnesium ion distribution into InSb. For this sample ions with two 

energies, 10 and 50 KeV with doses of         and             

    , respectively, were used to 

achieve a depth profile of 200 nm. 

 

 

Figure 15.Simulated diagram of magnesium distribution in InSb substrate to a depth of 200 

nm. 
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As can be seen from figure 16.three different ion energies: 10, 50 and 130 KeV with doses of: 

        ,          and             

    , were employed to obtain a magnesium profile with a 

rectangular shape and 400 nm depth.  

 

 

Figure 16.Simulated diagram of magnesium distribution in InSb substrate to a depth of 400 

nm. 

 

Finally figure 17.describes four different energies: 10, 50, 130 and 300 KeV with doses of:     

    ,         ,          and             

    , respectively, to obtain a p-type profile with a 

rectangular shape and 600 nm depth.  
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Figure 17.Simulated diagram of magnesium distribution in InSb substrate to a depth of 600 

nm. 
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5. Experimental work 

Single crystal undoped n-type (100) InSb wafers with net donor concentration in the range of 6.05E13-

1.57E14 were used in this project. They were about 2 inch in diameter and 630 µm thick. Two wafers 

were chosen for the fabrication process. Figure 18 shows the mask that was used in this project. 

Contact areas are shown in red and optical detection areas are hatched by green lines. 

 

Figure 18. Contact mask for InSb planar diodes 

 

The process for manufacturing the InSb implanted and diffused planar diodes, is described below: 

5.1 Cleaning wafers 

First the wafers were cleaned by immersing 5 minutes in acetone, 1 minute in isopropanol and 1 

minute DI water. After cleaning the surface of the wafer the native oxide layer was removed by 

chemical etching using HCl-H2O (1:10 concentration) for 30 seconds. For this purpose 5 liters H2O 

and 0.5 liter HCl were used. Then they were rinsed for 1 minute in DI water and dried. 

5.2 Depositing silicon nitride 

Silicon nitride was used to define the implanted and diffused areas during- the contact mask step.  The 

plasma machine (Oxford plasmalab 80 plus) and the parameters for nitride deposition with 3200 Å 
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thickness were 275 ºC for temperature 6 minutes for. (This recipe was designed to deposit nitride with 

3200 Å thickness for 18 minutes but we needed 1000 Å thickness so we change the time to 6 minutes) 

5.3 Spinning resist 

At this step the wafers first were placed into the APS-HMDS oven to deposit HDMS at 150 ºC for 30 

minutes. It is used to improve the adhesiveness of resist on the wafers. Then the OPTI spin SST20 

machine was used to deposit negative photoresist n LOF 2035 with roughly 3 µm thickness. The 

program number 5 with 3000 rpm for 30 seconds was used to reach the desired thickness. After that 

the wafers were heated at 110 ºC for 1’:30’’ for drying. Then the thickness of the nitride layer was 

measured by optical microscopy and was found to be 93.13 nm. 

5.4 Aligning mask 

In the next step the implantation mask was aligned in the photolithography machine (Karl 

Suss.MA6/BA6). Exposure time was 6’’.30 and the dose was 130 mj/cm
2
. 

5.5 Developing resist and making holes for diffusion/implantation 

After lithography, the wafers were baked at 110 ºC for 1 minute and then developed for 3 minutes. 

Next the wafers were rinsed in DI water for 1 minute. The measured resist thickness was 4.16 µm. 

Figure 19 illustrates the undercuts at the edge of the holes in the resist (edge of chip). This aids, the lift 

off of following layers, if this is required in the future. 

 

Figure 19. Optical image of the undercut at the edge of the mesa after resist developing 
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5.6 Removing nitride in the resist holes 

Nitride was removed from the resist holes by using a plasma etching machine (plasma lab 80 plus, 

Oxford instrument machine). After that plasma etching by plasmaline 515 machine with CF4 and O2 as 

etchants for 5 minutes was employed to make sure that the nitride would be totally removed from the 

surface. Figure 20 demonstrates the opening area when the nitride is etched.  

 

Figure 20. After etching the silicon nitride on the opening sites (yellow area). 

 

Prior to the diffusion runs, resist on one of the wafer was totally removed by acetone followed by 

isopropanol and DI water.If resist remained on the wafer, it would introduce contamination into the 

MOVPE reactor during the runs.  Afterwards, the wafers were cleaved into four quarters. Three 

quarters of the wafer without resist were used for three different diffusion runs and four quarters of the 

other wafer were used for implantation experiments.  

5.7 Diffusion runs 

5.7.1 First diffusion run 

The first diffusion run was performed in the Aixtron AIX 200/4 MOVPE (metal organic vapor phase 

epitaxy) reactor at 400 ºC for 15 minutes under 100 mbar pressure. DeZn (Diethylzinc) with flow rate 

60 sccm, partial pressure 5.49E-3 mbar and diluted by H2, was used as the zinc source. 

TmSb (trimethyl antimony) with flow rate 6 sccm, partial pressure 2.9e-3 mbar was used as an 

antimony source. Since antimony is a group V element and is very volatile at high temperature, 

antimony flow was used to stabilize the surface and avoiding antimony evaporation from the sample.  

Wafers were placed on an antimony susceptor and H2 was used as carrier gas. The Sb flow was 

introduced into the reactor at 300 ºC and also remained during cooling until 300 ºC. Zn was introduced 

at 400 ºC.  When the 15 minute diffusion run of Zn at 400 ºC was finished, the sample remained in the 
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reactor for 5 more minutes at 400 ºC with the antimony flow in order to activate the dopants. This 

method of activation has been reported in literature.[20] Finally the sample was cooled down and 

during this process there was no DeZn and TmSb flow in the reactor.  

5.7.2 Second diffusion run 

Before the second diffusion run, the sample was cleaned by isopropanol (1 minute) and DI water (1 

minute). Before starting the second run, electrical measurements at low temperature using a prototype 

set up  were performed on the sample. No diode rectifying behavior was observed on this sample and 

it was assumed that the Zn atoms might not be diffused into InSb. Therefore the temperature was 

raised to maximum possible temperature for InSb wafer with melting point equal to 527 ºC. The 

second diffusion run was carried out at the temperature of 475 ºC and without the post diffusion 

annealing process- All other parameters were kept the same as the first run.  Then the back sides of 

both samples were coated by metals to achieve a good ohmic contact for electrical (I-V) measurement.  

The back side of the first sample was covered by titanium-platinum, and the second one by silver. 

5.7.3 Third diffusion run 

After making metal contact on the backside of the 1
st
 and 2

nd
 diffused sample and performing electrical 

measurements, again using the prototype set up, a diode rectifying behavior was seen for the 1
st
 

diffused sample but not for the 2
nd

 one. Therefore the diffusion temperature for the 3
rd

 run was selected 

as 440 ºC (a value in between the 1
st
 and 2

nd
 runs).  Before the third diffusion run, the sample was 

cleaned by isopropanol (1 minute) and DI water (1 minute). During the run, all the parameters were 

kept the same as the second run; except the temperature which was reduced to 440 ºC and also without 

post annealing for dopant activation.  

5.8 Implantation runs 

5.8.1 First implantation 

In the first implantation experiment Zn was used as a dopant, implanted at 200 KeV energy with a 

dose of              

    . 

This sample was intended to be used as a reference for the diffused samples, on which SIMS 

measurements would be carried out.  

5.8.2 Second implantation 

In all three remaining runs, magnesium was employed as p-type dopant.  In the second run Mg ions 

with 10 and 20 KeV energies at a dose of           and             

    , respectively, were used to 

achieve a depth profile of 200 nm. 
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5.8.3 Third implantation 

In the third run Mg ions with 10, 50 and 130 KeV energies at doses of          ,          and 

            

    , respectively, were employed to obtain a magnesium profile with a rectangular shape 

and 400 nm depth. 

 

5.8.4 Fourth implantation 

Finally in the fourth run Mg ions with 10, 50, 130 and 300 KeV at doses of:         ,         , 

         and             

    , respectively, were utilized to obtain a p-type profile with a 

rectangular shape and 600 nm depth.  

 

5.9 Strip away the resist 

After implantation, the samples need to be annealed to activate the dopants electrically. However, the 

resist on the samples should first be removed; otherwise it would contaminate the oven being used for 

annealing.  To remove the resist, the samples were first washed by acetone for 5 minutes followed by 

isopropanol for 1 minute and DI water for 1 minute. But some resist still remained on the surface. So, 

the samples were left in acetone for a further 40 minutes and afterwards were etched by oxygen using 

plasmaline 515 machine for 25 minutes.  

5.10 Annealing 

After removing the resist totally from the implanted samples, the samples were placed into an oven 

and annealed using proximity method, which is basically placing an untouched wafer on the other 

wafer.[9],[13] at 334 ºC for 25 minutes to electrically activate the dopants. [33] 

5.11 Metallization  

Metallization was the second part of fabrication process when all diffused and implanted samples were 

ready to make contacts on them. 

5.12 Spinning resist 

In this step the metallization process was begun by HDMS deposition using the APL-HDMS machine. 

HDMS was deposited at 150 ºC for 25 minutes. Two layers of resists were used: First LOR (lift-off 
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resist) was used as a first layer. LOR can be used either as a sacrificial layer, or as an undercut layer in 

bi-layer lift-off processing.  

The APL spinner machine was used for 5 minutes to deposit 2.5 µm thickness of LOR. Afterwards the 

resist was baked at 150 ºC for 30 seconds.  Then 1813 photoresist was employed as a second layer 

with a thickness of 2.1 µm, using the same machine as LOR but this time the process was done for 1 

minute. After that the resist was baked at 100 ºC for 30 seconds.  

5.13 Aligning contact mask 

The mask aligner MA6/BA6 Karl Suss machine was used for the lithography process. For aligning the 

contact mask with the first mask, the nitride pattern was utilized as reference.  Exposure time was 6 

seconds with UV light.  

5.14 Developing resist and making holes for contacts 

The resist was developed by using MF-CD-26 developer. The samples were immersed for two and a 

half minutes in the developer followed by 1 minute rinsing with water.  

5.15 Removing nitride in the resist holes 

After developing the resists, the nitride in the resist holes was removed by employing a plasma etching 

machine (plasma lab 80 plus, Oxford instrument machine) in order to define a backside or n-type 

contact. The etching process was performed for 9 minutes; CF4 and O2 were used as etchant gases.  

5.16 Preparing surface for metallization 

Before starting the metallization process, the samples were immersed into HCl(1):H2O(10) solution for 

30 seconds to remove the native oxide on the surface and prepare them for depositing metal. [13] 

5.17 Depositing metal contacts 

Metal was deposited in a Provac PAK 600 Coating machine.  Au/Cr [5],[34]Pt/Cr/Au [1], Au/In [33], 

Ti/Au [35],[3],[4]Pt/Cr/Au [6], have been reported as p-type contacts for InSb photodiodes. In this 

project Ti/Pt/Au (30/30/3000 nm) were used as metal contacts. 

5.18 Lift off 

After depositing the metal stack, the samples were placed into acetone overnight; then followed by 5 

minutes in an ultrasonic bath to remove the resist covered by the metal layers from the samples. Next 

the samples were sprayed with acetone and immersed immediately into isopropanol and rinsed with 
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water.  Finally the samples were submerged into NMP (1-methyl-2 pyrolidone) for 5 minutes followed 

by 2 minutes in DI water, to remove LOR which still remained on the surface of the samples. 

 

5.19 Mounting on PCB and wire bonding 

Before starting this step the sample should have been annealed to make better contact between the 

metal and semiconductor, but unfortunately this process was forgotten and we had many problems 

during wire bonding.  At this stage the samples were cleaved into smaller pieces, covering a whole 

chip pattern, and mounted on PCB (printed circuit board) using epoxy. Afterwards gold wires were 

used for wire bonding connections between contacts of different sizes and PCB lines.  Then the 

samples were bonded to a rod and immersed into a helium cryostat for electrical and optical 

characterization at different temperatures (58.5- 68.5- 78.5- 88.5- 98.5- 118.5 and 138.5 K).  I-V 

characteristics and responsivity were measured using cryostat equipment filled with helium and 

connected to the HP 4155a semiconductor parameter analyzer and to the lock-in amplifier and dark 

current measurement tool.  
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6. Results and discussion 

 

Figure 21 illustrates the optical photo from the surface of the first diffused which has been taken to 

examine the surface of the sample before and after diffusion. 

 

Figure 21. Optical image of an opening before (left) and after (right) diffusion run.   

 

After diffusion some black dots appeared on the surface. For further understanding AFM and SEM 

images were taken to find the nature of the black dots.  Figure 22 shows the AFM images of a raw 

sample and the sample after diffusion. 
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Figure 22. AFM images of the diffused (left) and raw sample(right) 

 

Figue 23 Displays SEM images of first diffused sample. Many attempts were taken to examine the 

nature of the dots by SEM but both In and Sb elements with almost the same ratio were observed for 

the dots. Therefore SEM measurement was unable to prove or reject our assumption about antimony 

evaporation from the surface and forming indium islands.  
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Element Weight% Atomic% 

 

In L 46.88 48.34 
 

Sb L 53.12 51.66 
 

Totals 100.00 
   

Figure 23. SEM image of the surface of first diffused sample. 

 

It was concluded that the black dots on the surface of the sample after diffusion appeared due to the 

plasma etching of the nitride before diffusion and the following high temperature diffusion run; 

resulting damages came into view as dots. After finishing the diffusion and implantation processes and 

before starting metallization, electrical measurements were performed and no diode rectifying 

behavior was observed for the samples.  

As it described earlier in the experimental work chapter 4 section 4.7.3, after 2
nd

 diffusion run (475 

ºC), the backsides of the 1
st
 and 2

nd
 diffused samples were covered by titanium-platinum and silver 

respectively, to have better ohmic contact for electrical measurement. Then electrical characterization 

was carried out at room and low temperature using a prototype set up and HP 4156A semiconductor 

parameter analyzer on the 1
st
 (400 ºC)  and 2

nd
 (475 ºC) diffused samples.   

Figure 24. shows the I-V characterization for the first diffused samples (400 ºC)  at low temperature. 

The second diffused sample (475 ºC) did not show any diode rectifying behavior at low temperature.  
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Figure 24. I-V characteristics for first diffused sample at low temperatures using prototype 

set up. 

 

The electrical characterization in figure 24.was carried out using a prototype instrument, for which 

there was no control for temperature and moisture.  Figure 24. illustrates that by passing time and 

lowering the temperature (from blue curve which is taken at the beginning of measurement to green 

curves) before ice formation on the sample, reverse bias is decreasing in the order of 1 to 3and the 

device shows more diode behavior.  

In order to have more accurate measurements, the metallization process was carried out; then the 

samples were mounted and wire bonded on a PCB; after that dark current and responsivity 

measurements were performed using cryostat equipment filled with helium to achieve low 

temperatures.  

6.1 Dark current analysis 

Dark current in photodiodes is made up of different components. 

                      

These are bulk diffusion, surface diffusion, bulk generation-recombination, surface generation-

recombination, shunt current and tunneling current, respectively.  Bulk diffusion is the thermal 

generation-recombination current in the bulk. This current can be inhibited at low temperatures.  

Surface diffusion current is the same as bulk diffusion but along the surface. Bulk g-r current is caused 
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by the traps in the depletion region which works as shallow states for carriers. Surface g-r current is 

due to the traps on the surface. Shunt current is an ohmic current with linear I-V relationship. It might 

be due to surface leakage along the edges of a junction, or because of grain boundaries or defects 

caused by contact metallization.  Tunneling current or trap assisted tunneling current appears at high 

reverse bias, and  is the tunneling of carriers directly from the valance band to the conduction band, 

called band-to band tunneling, or the presence of traps in the band gap can assist tunneling.  

By doing numerical analysis of the experimental dark current data; it is reported in literature that at 

small reverse bias bulk g-r and shunt current are the dominant currents and at high reverse bias 

tunneling current is dominant. Bulk diffusion, surface diffusion and surface g-r currents are reported to 

be insignificant in reverse dark current for InSb photodiodes at 77 K. [36],[4],[16],[1] 

Among the diffused samples of this work only the first diffused sample (400 °C) displayed low dark 

current. The reason for this will be discussed later on in this chapter.  Figure 25.a) displays the dark 

current at 78.5 K for different p-type doped areas with different sizes and shapes on the first diffused 

sample; and figure 25. b) shows the openings that were wire bonded  so that measurements could been 

made on them.  

 

Figure 25.a) Dark current at 78.5 K for different openings on first diffused sample 
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Figure 25.b) Marked openings for the first diffused sample.   

 

Figure 25 a) and b) show that openings number 6 and 7 have the lowest and number 1 and 5 have the 

highest dark current density. It can be explained by comparing the perimeter/ area ratio for these 

opening, where the openings with the smallest perimeter/area value have the lowest leakage current 

originating from the surface which borders the edge of the p-n junction.  The same behavior was 

noticed for the other samples (2
nd

, 3
rd

 and 4
th
 implanted). 

 

Figure 26 shows the 2
nd

 and 3
rd

diffused samples which showed high leakage and were very 

conductive.  
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Figure 26. dark current density of 2
nd

 and 3
rd

 diffused samples for an opening with an area of: 

0.0088 cm
2
 

 

To find the reason why the 2
nd

 diffused sample (475 °C) and third diffused (440 °C) samples were so 

leaky and conductive, more measurement such as SIMS profiles were needed, and this is discussed 

later on in this chapter.  Figure 27. a), b) and c) show the dark current at different low temperatures 

from the first diffused, and second and third implanted samples for the openings number 7, 6 and 9, 

respectively; which all had the same area (0.0088 cm
2
 ) and shape and showed the lowest dark current 

at 78.5 K.  
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a) 

 

b) 
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c) 

Figure 27. Dark current density for a) opening number 7 of first diffused sample, b) opening 

number 6 of second implanted sample, and c) opening number 9 of third implanted sample.  

 

As can be seen from figure 27 a) for the first diffused sample, the dark current density below 80 K 

does not changing noticeably by changing temperature, which means we have a tunneling problem in 

this region for this sample. And also for this sample (1
st
 diffused) we have no blocking behavior at 

reverse bias and the forward bias current is less than the reverse bias current, so the device works more 

like a resistor than a diode. The reason for this behavior could be because of some voltage drop in the 

measurement instrument, because as shown in figure 22 a diode behavior had been observed for this 

sample (1
st
 diffused) when using the hand-made instrument. The metal contacts were also checked 

after metallization and they were very conductive.  

For the fourth implanted sample, there was no available connection to the same opening used on the 

other samples. The best opening for this sample at 77 K which had the lowest leakage was opening 

number 7 with area of 0.0016 cm
2
.Figure 28  illustrates the dark current density for this opening at 

different temperatures.  
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Figure 28. Dark current density for opening number 7 of the forth implanted sample  

 

The activation energy for opening number 7 of the first diffused sample between 78.5 and 88.5 K with 

applied bias -0.05 V can be determined by solving the corresponding dark current equations as below. 
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and  
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Where J1 and J2 are the dark current densities for the specified temperatures, respectively. T1 and T2 

are the temperatures. K is the Boltzmann constant. J0 is a constant and Ea is the activation energy for 

the defined temperatures.  Now by substituting the corresponding values we will have 
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  (        )       
   

      
 

By solving these equations we can easily derive Ea which in this case is 23 meV. In the same way, the 

activation energy Ea, for this opening (number 7) at the same bias (-0.05 V) between 118.5 and 138.5 

K would be 50 meV.  Table 2 summarizes the calculated activation energies for the openings specified 

in figure 26 and 27. 

Samples Applied bias 

(V)     

Ea    (between 78.5 and 88.5) 

(eV) 

Ea (between 118.5 and 138.5) 

(eV) 

First diffused   

(opening 7) 

-0.05 0.023 0.050 

Second implanted 

(opening 6) 

-0.05 0.047 0.093 

Third implanted 

(opening 9) 

-0.05 0.021 0.037 

Forth implanted 

(opening 7) 

-0.05 0.058 0.099 

Table 2. activation energies of different samples for low and high temperatures. 

 

For InSb photodiodes it has been reported that in the forward bias region, the diffusion current 

dominates. At small to moderate reverse voltages (10 mV- 0.5 V) bulk g-r and shunt current dominate, 

and at higher reverse bias tunneling current dominates.[4],[18]To analyze the dark current for our 

devices we chose the dark current of the 4th implanted sample ,since its behavior was more similar to 

a diode, and the opening number 7 (area: 0.0016 cm2 ) which has the largest perimeter/area ration for 

this sample. As can be seen from figure 26 the reverse bias current at high temperatures (118.5 and 

138.5 K) doesn’t change considerably with the applied bias, which means that the bulk diffusion 

current is the dominant dark current component for this region.[6] 

Furthermore, table 2 shows that for this sample the activation energy value in the 118.5- 138.5K 

temperature range is of the order of half of the band gap (~0.1 eV). Hence, it means that the carriers 

have used deeper states in the mid band gap for recombination. But when lowering the temperature 

(78.5-88.5 K), the activation energy (~ 60 meV) decreases to a value much lower than the band gap 

value. This reveals the presence of shallow states in the band gap, and trap assisted tunneling or bulk 
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g-r current occurs in this range. It is believed that these states in the band gap might be caused by 

diffusion or implantation induced damage.[18],[21]  In InSb photodiodes forward current is also 

determined by bulk g-r current, which is stated to be an important effect for small band gap materials 

at low temperatures.[18] It is also reported that in InSb p+n diodes, the major part of the dark current 

under reverse bias is due to surface leakage. This current is dependent on surface potential and can be 

controlled by passivation of the surface.[5] 

Figure 29 shows the important parts of the dark current for an InSb photodiode.  

 

Figure 29. major parts composition of the reverse dark current for InSb photodiode. Circles 

show the data. [36]  

 

Figure 29 reveals that at very small reverse bias, bulk g-r and shunt current (surface leakage) are the 

most important parts of the dark current. In the mid bias region (~ 0.45 V) shunt current is dominant, 

and at larger bias tunneling current is the main dark current component.  Now to find the origin of the 

dark current for our devices, the dark current density as a function of perimeter/area (at -0.1 V and 80 

K) of the 4
th
 implanted sample (600nm) for all the connected opening of this sample is plotted in 

figure 30.  
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Figure 30. Reverse dark current measured at -0.1 V for fourth implanted sample at 80 K for 

all the connected openings of this sample in terms of perimeter/area. 

 

As shown in figure 30, the dark current density is increasing by increasing the ratio of perimeter/area, 

so it can be concluded that surface leakage through the edges of the openings is the dominant dark 

current component. This kind of behavior is also indicated in figure 25for the 1
st
 diffused sample. 

Therefore, for our device the dark current mainly originates from the surface leakage in agreement 

with reports on InSb photodiodes, [34],[5] and some passivation techniques are needed to reduce the 

effect of this surface leakage.  The calculated zero bias resistance area product,R0A, for this sample is 

200 Ωcm
2
,and the best reported values (by MBE and Cd diffusion using sealed ampoule) is about 

10
6
Ωcm

2
. [16] 
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The calculated value of dark current density Jdark for this sample, at -0.1V is5.32E-3 A/cm
2
 and the best 

reported values are around 1E-7 A/cm
2
 which means than our sample is roughly 50000 times leakier 

than a best fabricated InSb p-n diode, and most of this leagkage is coming from the surface. [16] 

 

 

 

Figure 31. shows the comparison of the same opening in all samples. 

 

Figure 31.the dark current density for the same opening (area: 0.0016 cm
2
) for all samples.  

 

In figure 31 the dark current for the opening with the area of 0.0016 cm
2 

is plotted for all samples. As 

can be seen from these figures, the second implanted (200 nm p-layer) devices have the lowest dardk 

current, followed by the fourth implanted (600 nm p-layer), first diffused and third implanted (400 nm 

p-layer) devices.  
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6.2 Optical measurement  

For optical measurement, monochromatic light was used to measure the spectral response of the 

diodes. Photo response was taken for two samples: first diffused (400 °C) and fourth implanted 

(600nm).  Figure 32 illustrates the quantum efficiency in terms of wavelength for these samples.  

 

 

Figure 32shows that the quantum efficiency of the implanted and diffused samples is comparable. 

Quantum efficiency should be a straight line as a function of wavelength, but here because of some 

problems with the measurement such as moisture on the sample, we do not show this.  Also these 

calculated values for quantum efficiency are smaller than the actual values due to some problems with 

the data saved by the computer. The actual value is estimated to be a factor of two larger than these 

values. Hence, we have achieved a quantum efficiency of about 30 percent.  

 

6.3 Diffusion profile  

The total zinc concentration in the diffused samples was determined by secondary ion mass 

spectrometry (SIMS). This was calibrated against a reference implanted sample which was InSb 

implanted by 200 KeV zinc atoms with a dose of 1.6E14 atom/cm
2
. For all the diffused samples, a 

sharp diffusion front was seen that decreased steeply in the bulk InSb.  Figure 33 shows the SIMS 

measurements for all three diffused samples.  
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Figure 32. Quantum efficiency of the 1
st
 diffused and 4

th
 implanted samples at 48 K 
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Figure 33. Concentration vs. depth of zinc atoms for all diffused sample 

 

Figure 33 shows an extremely high concentration of zinc at the surface without any out-diffusion. This 

proves that it is possible to obtain a diffusion profile of zinc in the sub micrometer range with a high 

concentration at the surface. No plateau can be seen in any of the samples and a concentration gradient 

of four orders of magnitude over a depth of 0.15 µm is observed for the first diffused sample.  

Diffusion depth can be obtained by  

  √    .[10] 

Where    is the effective diffusion coefficient and t is time. 

And an empirical expression for the diffusion coefficient is 

      
  
   .[10] 

Where   is the diffusion constant,   is the activation energy, k is the Boltzmann constant and T is the 

temperature.  By solving these equations the calculated activation energy    in the range 400-440 °C 

was 120 meV and for the range 440-475 °C was 6 meV. These values are much smaller than the 

reported values of 1.35 eV[37], and 1.5 eV (in the range 350- 450 °C[10] for Zn diffusion in InSb by 
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the use of a sealed quartz ampoule). In our case, the diffusivity of zinc is dependent on the surface 

concentration. At higher temperatures (440 and475°C) there is no significant change in depth when 

increasing the temperature from 440 °C to 475 °C, rather than the exponential change expected. Also 

the activation energy in this region is too low, probably because the incorporated zinc concentration is 

reduced on account of higher evaporation of zinc at the surface.[20] This problem can be solved by 

increasing the Zn flow rate during diffusion.[38] 

For zinc diffusion in GaAs it is concluded that zinc atoms diffuse interstitially as ionized donors, and 

then react with Ga vacancies, which are created due to the self-diffusion of the Ga atoms. The zinc 

atoms become placed substitutionally in these vacancies and become fixed ionized acceptors. The 

same explanation is reported for zinc diffusion in InSb and named the interstitial-substitutional 

diffusion process.[10] 
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7. Conclusion  

InSb p
+
n photodiodes were fabricated by ion implantation and MOVPD. Three different samples with 

different p-type region depths (200-400 and 600nm) and concentration of 1E19 cm
-3

were first 

simulated by SRIM (stopping and ion range in matter) software and then implanted by Mg ions as p-

type dopant. Zn atoms were diffused at different temperatures (400-440 and 475 °C) into low-doped n-

type InSb substrate using MOVPE to form p-n junctions for the first time.  Dark current and 

photoresponse measurements were performed on the samples. Among the diffused samples, only the 

sample with the lowest diffusion temperature (400 °C) resulted in a low dark current comparable with 

implanted ones. By analyzing the dark current it was concluded that the surface leakage through the 

junction edges is the main dark current component for all fabricated samples. This surface leakage 

leads to a dark current density value that is more than four orders of magnitude higher than the best 

reported values for InSb p-n diodes.  The optical response of both diffused and implanted samples was 

found to be comparable and a quantum efficiency of about 30 percent was estimated for them. This 

estimated value for quantum efficiency is less than half of the values reported for high quality InSb p-

n diodes.[33] 

SIMS measurements were done on the diffused samples and a high concentration of dopants at the 

surface with an abrupt profile was seen; however, the diffused samples at 440 °C and 475 °C were 

highly conductive, although no significant change in diffusion depth was observed for them. This is 

probably due to Zn desorption from the surface at high temperatures.[33] For future work many 

parameters can be optimized for MOVPE diffusion such as time, flow rate, partial pressure and gas 

sources. For instance by using the source Tertiary Butyl Dimethyl Antimony (TBDMSb) as the 

antimony source instead of trimethyl antimony (TMSb), the diffusion temperature can be lowered by 

more than 100 ºC.[39] In addition, an appropriate passivation technique on the surface can reduce the 

surface leakage significantly. [33],[4],[5],[21],[40] Considering the above optimizations of the 

diffusion parameters, MOVPE diffusion would be an attractive technique to fabricate high 

performance photodiodes.  

Other promising approaches to fabricate InSb pn-photodiodes include: growing an epilayer of p-type 

InSb on an n-type InSb substrate, which resulted in a high value of the zero-bias resistance product 

(           ) and a very low dark current density (             ); and heteroepitaxial growth 

of InSb on Si, GaAs, or Al2O3 substrates. The heteroepitaxial approach eliminates the need for 

thinning of the InSb substrate for backside-illuminated photodiodes. These substrates can be available 

in larger sizes and are cheaper than InSb substrate.[3],[16],[41] 
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