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ABSTRACT 

 

FABRICATION OF PIN PHOTODIODE SENSORS AND                       

CHARACTERIZATION 

MSC THESIS 
 

EMRE DOĞANCI 

BOLU ABANT IZZET BAYSAL UNIVERSITY GRADUATE SCHOOL OF 

NATURAL AND APPLIED SCIENCES 
 

DEPARTMENT OF PHYSICS 

(SUPERVISOR: PROF. DR. ERCAN YILMAZ) 

 

BOLU, DECEMBER 2018 

 

 

p-type,  intrinsic, n-type (PIN) photodiodes with active areas of 3.5x3.5 mm
2
, 5.0x5.0 

mm
2
, and 7.0x7.0 mm

2
 were fabricated using the conventional photolithography 

method on a 6 inch (100) intrinsic silicon wafer with a surface resistivity of 2.4 kΩ - 

2.8 kΩ at 500 μm thicknesses. n and p regions were formed using the phosphorus 

(POCl3) and boron (BBr3) doping at 950 °C via thermal diffusion method. As 

expected for the capacitance-voltage (C-V) characteristic of the fabricated PIN 

photodiodes decreases exponentially with the reverse-biased voltage. The 

capacitance of each PIN diode reached a fully depleted point at -5V. The capacitance 

 was measured at the fully depleted point as the order of pF. The dark current-voltage 

(Id-V) characteristics of the PIN diodes were measured at room temperature in the 

reverse biased. Thanks to the structure of the PIN diodes, they have worked on high 

voltages without breakdown. However, due to the effects of high voltage and the 

effects of silicon temperature dependency, the dark current is observed in µA at 

breakdown voltage. At lower voltages, the dark currents drop to nA. Silicon PIN 

photodiodes, which are produced according to the results of quantum efficiency and 

spectral responses, can detect wavelengths between 380 nm and 1100 nm and have 

reached maximum efficiency at 810 nm wavelength. The fabricated PIN diodes can 

be used in optoelectronic applications. 

 

 

 

 

KEYWORDS: Silicon PIN Diode, Photodiode Fabrication, Quantum Efficiency,  

Dark Current, Capacitance 
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ÖZET 

 

PIN FOTO DİYOT SENSÖRLERİNİN ÜRETİMİ VE  

KARAKTERİZASYONU  

YÜKSEK LİSANS TEZİ 
 

EMRE DOĞANCI 

BOLU ABANT İZZET BAYSAL ÜNİVERSİTESİ 

FEN BİLİMLERİ ENSTİTÜSÜ 
 

FİZİK ANABİLİM DALI 

(TEZ DANIŞMANI: PROF. DR. ERCAN YILMAZ) 

 

BOLU, ARALIK - 2018 

 

 

3.5x3.5 mm
2
, 5.0x5.0 mm

2
 ve 7.0x7.0 mm

2
 aktif alana sahip p-bölgeli, saf, n-bölgeli 

(PIN) foto diyotlar 500 µm kalınlığında 2.4 kΩ - 2.8 kΩ yüzey direncine sahip (100) 

yönelimli saf silikon alt taĢ üzerine geleneksel fotolitografi metodu kullanılarak 

üretilmiĢtir. Üretim sırasında farklı taĢıyıcı yüklere sahip n ve p  bölgeleri fosfor 

(POCl3) ve boron (BBr3) katkılaması termal difüzyon yöntemi kullanılarak 950 
o
C  

oluĢturulmuĢtur. Üretilen PIN foto diyotların kapasitans voltaj (C-V) karakteristiği 

beklendiği gibi her bir PIN diyotun kapasitans değerlerinde uygulanan ters 

kutuplama voltajı ile üstel bir Ģekilde azalma gözlenmiĢtir ve diyotlar -5V voltta 

doyum noktasına ulaĢmıĢtır. Doyum noktasındaki kapasitans değerleri pF 

mertebesinde ölçülmüĢtür. PIN diyotların karanlık akım (Id-V) değerleri ters 

kutuplama oda sıcaklığında ölçülmüĢtür. PIN foto diyotlar sahip olduğu yapı 

sayesinde yüksek voltajlarda bozulma olmadan çalıĢmaktadır. Fakat yüksek voltajın 

etkisi ve silikonun sıcaklıktan etkilenmesi nedeniyle oluĢan karanlık akım değerleri 

µA mertebesinde gözlenmiĢtir. Daha düĢük voltajlarda ise karanlık akım değerleri 

nA mertebelerine kadar düĢmüĢtür. Kuantum verimliği ve spektral cevap sonuçlarına 

göre üretilen Silikon PIN foto diyotlar 380 nm-1100 nm arasındaki dalga boylarını 

algılayabilmektedir ve 810 nm dalga boyunda maksimum verimliliğe ulaĢmaktadır. 

Üretilen PIN diyotlar optoelektronik uygulamalarda kullanılabilir. 

 

 

 

 

 

ANAHTAR KELİMELER: Silikon PIN Diyot,  Fotodiyot üretimi, Kuantum 

Verimliliği,  Karanlık akım, Kapasitans   
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1. INTRODUCTION 

P-N junction structure has a vital role in the development of semiconductor 

devices such as thyristors, a bipolar transistor, solar cell, tunnel diode, and 

photodiode etc. (Sze, 2002). In the twentieth century, P-N junction diode that was 

fabricated for detection light to convert into electric current is called a photodiode. In 

order to fabricate this photodiode, optical photolithography process was used to 

pattern wafers. For this purpose, wafers are covered with photoresist and then these 

wafers are illuminated with a light beam to remove photoresist. This process was 

subsequently used to define the region by using silicon dioxide masking with which 

boron and phosphorus diffusion are effectively masked while creating a P-N 

junction. The P-N photodiode was found more useful than gas-ion chamber as a 

radiation detector (Barthe, 2001; Kemmer, 1984). However, Simple P-N junction 

photodiode suffers from some problems such as narrow depletion region, high 

capacitance, low breakdown voltage, which are so crucial for a photodetector 

because high capacitance directly affects the speed of photodiode. Capacitance can 

be reduced with widened depletion region but break down phenomena is occurred at 

low voltage because of semiconductor characteristic structure. Therefore high 

reverse biased cannot be used to wide depletion region (Ahmed, 2007; Sze, 2007). 

To cope up with these issues, the new p-type, intrinsic region, n-type (PIN) 

structure has been utilized for photodiode detectors. High resistivity intrinsic region 

in photodiode creates widened depletion region without reverse voltage and reduce 

capacitance. In addition, the PIN photodiode reaches full depletion mode at the low 

reverse voltage and so the PIN photodiode possesses low operation power to work 

(Kyomasu, 1995). So, PIN photodiodes have been fabricated with different 

geometric arrangements by using different semiconductor materials such as Silicon 

(Si), Indium Gallium Arsenide (InGaAs), Germanium (Ge) for decades. These used 

materials affect directly PIN photo diode’s operational and optical behavior. III-V 

materials, Gallium Arsenide, and Indium Gallium Arsenide are generally preferred 

for longwave electronics application such as communication and radar system. 

However, among these materials, Silicon is most convenient semiconductor for 
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radiation detector due to its low cost, band structure, long carrier lifetime and wide 

detection range. Also, high- quality silicon dioxide layer can be easily grown onto 

silicon (Ben and Sanjay, 2005; Bowers and Burrus, 1987; Kemmer, 1984; Luryi et 

al., 1984; Nicollian and Brews, 2003; Tucker et al., 1986; Von Ammon and Herzer, 

1984; Wood and Burrus, 1984; Yamamoto et al., 1987). 

Most of the researches focus on the mechanism and the reduction of leakage 

current which causes non-linearity on the PIN photodiode and it was reduced 

significantly with planar structure and silicon dioxide passivation (Feng et al., 2018; 

Resnik et al., 2000). Floating guard ring was also found effective on reducing 

leakage current (Mishra et al., 2005). In addition, fabrication methods such as 

thermal deposition, ion implantation, and different dopant concentrations were also 

utilized for PIN photodiodes performance improvements and capacitance was 

reduced to the rank of pico-farad.  Thus, the high detection response speed was 

obtained (Yamamoto et al., 1995; Zhou and Warburton, 1996). Another important 

parameter for PIN photodiode is quantum efficiency on which many factors effective 

like dopant thickness of p type, intrinsic region and n type, and band gap. In light of 

this information, the spectral range of Silicon PIN photodiodes was found between 

190 nm and 1100 nm and maximum quantum efficiency is obtained near-infrared 

region  (Goushcha et al., 2004; Sze, 1985). 

After these developments as to PIN photodiode, crucial results have been 

obtained in the field of energy physics, a radiation sensor, personal dosimeter, 

diagnostic radiology, and digital image application. This situation makes PIN 

photodiodes more attractive commercially (Kim et al., 2014; Seto et al.,1997; Simon 

and Kalinka, 2005). 

Concisely, purpose of the Silicon PIN photodiode is that when radiation hits 

the active area of the photodiode, electron and hole pairs are created inside the 

depletion region (depleted intrinsic region). These carries move opposite direction by 

the way of the electric field of the depletion region and constitute an electrical 

current.  This current can be changeable according to environmental condition and 

structural differences (Kumar et al., 2014). So, parameters influences on the PIN 

photodiode device characteristics have been investigated in details in this thesis. 
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2. AIM AND SCOPE OF STUDY  

The aim of this thesis study is to fabricate and characterize planar silicon PIN 

photodiodes which have different active areas. During the fabrication process, the 

photolithography and wet-chemical etching were carried out to define doped areas. 

The N
-
 doped regions were formed by phosphorus diffusion (using POCl3), and P

+
 

regions by boron diffusion (using BBr3).  PIN photodiodes have been characterized 

electrically and optically. In order to do this application, Current-Voltage (I-V) 

characteristic and Capacitance-Voltage (C-V) characteristic have been carried out on 

photoconductive mode under dark condition. In addition, quantum efficiencies of 

silicon PIN photodiodes have also been measured under the light that has a different 

wavelength to determine maximum efficiency. 
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3. GENERAL SEMICONDUCTOR PHYSICS 

  Solid state materials are classified into three types as an insulator, 

semiconductors, conductor which contain different band structure shown Figure 3.1. 

 
 

Figure 3.1. Band structure of materials a) Insulator b) Semiconductor                                   

c) Conductor 

Insulator materials’ atoms have strong covalent bonds with neighbouring atoms, 

so too much energy is necessary to break these bonds. This situation results in an 

electrical current absence. Insulator materials’ characteristic band structure is defined 

with large energy band which is about 9 eV and all energy levels are occupied by 

electrons in the valence band. Conduction band is vacant because thermal energy or 

applied electric field cannot supply adequate energy for electrons to jump from 

valence band to conduction band. Semiconductors have an energy band whose 

energy in there about 1eV and all electrons are in the valence band and conduction 

band is empty at absolute zero. So, semiconductor materials are a wimpy conductor 

at low temperature.  Metal has so low resistivity and there is no energy band. 

Because of this, electron can gain kinetic energy to move with small electric field 

and thermal excitation. Solid state materials show different electrical features that are 

changeable according to their electrical conductivity, and resistivity. But 
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semiconductor materials additionally have sensitivity to magnetic field, temperature, 

and illumination. Therefore, semiconductors most commonly used for technological 

devices fabrication (Sze, 2002). 

Overs years, many studies have been studied and investigated the conductivity 

and resistivity of semiconductors that is between 10
-2 

Ωcm and 10
9
 Ωcm, 10

1
 S/cm 

and 10
-8 

S/cm (Kittel, 2005; Sze, 2002). 

3.1 General Characteristics of Semiconductors  

Silicon is the most preferred semiconductor with its low cost and purified 

form. This purified form possesses intrinsic concentration and resistivity, which 

makes silicon available for electronic device fabrication. Another important 

characteristic structure of the silicon is its bandgap which is not as low as germanium 

and is not as high as Gallium Arsenide. This band structure of silicon enables 

impurity adding process to reach desired properties. Temperature effects on silicon 

band structure such as another semiconductor are shown in Eq 1. 

                                  

     
                           ( 1 ) 

 Eg is band gap energy in eV and T is the absolute temperature. According to this 

formula, Silicon characteristic is plotted in Figure 3.2. 

 

Figure 3. 2. Energy band gap changing with absolute temperature              

(Ahmed, 2007)  
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Temperature differences cause band gap changes, like widening and 

shortening. These differences are not good because small band gap enables to 

generated electron-hole pair to pass from valence band to conduction band under the 

same irradiation. This situation can cause nonlinearity on integrated circuit 

component (Ahmed, 2007). 

3.1.1 Intrinsic Semiconductors 

Intrinsic semiconductor materials are called as un-doped materials due to the 

fact that the intrinsic material has a little number of free charges that are produced 

the bulk of semiconductor crystals.  These charges occupy different energy state and 

this separation is explained by Boltzmann distribution as shown in Eq 2. 

                                                       
 

    
       

   ⁄
                                               (2) 

Where E is the energy of the electron, kB is Boltzmann constant, T is absolute 

temperature.        is the Fermi function. 

Available energy state for electron occupancy probability is calculated with 

Fermi function. In intrinsic semiconductors, the Fermi level is located in the middle 

of the energy band, so the amount of electron and holes are in equilibrium in intrinsic 

semiconductor materials as well as their probability is ½ because Electron energy is 

equal to Fermi energy. (Ahmed, 2007; Boylestad, 2013) 

3.1.2 Extrinsic Materials 

Extrinsic materials consist of impurities that are doped. Deposition 

application results in significant changes and improves the performance on 

semiconductor materials. Extrinsic materials are created by doping process that is 

adding small impurities to intrinsic materials. These impurities have a different 

number of electrons in its outer atomic shell. This situation composes a new energy 

level between conduction and valence band.  

This energy levels position depends on used impurities that are donor and 

acceptor. Donor impurities make semiconductors more negative. Acceptor impurities 
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make abundant semiconductor in positive charge. Boron and phosphorus are most 

commonly used materials to create p-type and n-type (Boylestad, 2013). 

 

Figure 3. 3. Chemical representation of boron bonding with silicon 

            (Ahmed, 2007) 

In Figure 3.3. Silicon makes covalent bonding with its neighbouring atom 

when boron doped in silicon structure, and doped silicon becomes more positive 

material. For, boron has three free electrons in the outer shell. These electrons make 

three bonding with Silicon atoms and leave one hole. Also new energy level is more 

close to valance band (Figure 3.4) due to this silicon turns into p type materials. 

 

Figure 3. 4. Acceptor energy level after boron deposition 
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Phosphorus is doped in intrinsic Silicon turns into more abundant in negative 

charge. Because, Phosphorus has five electrons in the outer shell, and these electrons 

make bonding with Silicon atoms which leave one electron at the end (Figure 3.5).   

 

Figure 3.5. Chemical representation of phosphorus bonding with silicon 

(Ahmed, 2007) 

In addition, Phosphorus creates a new energy level that is close to the 

conduction band (Figure 3.6)(Ahmed, 2007; Boylestad, 2013). 

 

Figure 3.6. New energy level structure after phosphorus deposition 

3.2 Theory of carrier transport and P-N junction operation 

P
-
type and N-type materials come together and create the most popular PN 

junction. High concentration of electrons in n types and excessive hole concentration 

in P-type result in carrier diffusion current in which electron mobility is from N side 
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to P side and hole mobility is from the P side to N side. In time, progress charges are 

collected near the junction and deplete it. This region is called depletion region. In 

the basic physic principle; 

Every moving particle that has charge creates an electric field. This electric 

field forces holes to flow from left to right, but the gradient of concentration forces 

holes to flow from right to left. This electric field reaches to the adequate strength 

which stops diffusion current and creates an equilibrium situation. PN junction 

structure and its band diagram are represented in Figure 3.7.    

 

Figure 3.7. Representation of  P-N Junction and its band diagram 

The simple PN junction is used in the radiation detector, photovoltaic cell, 

and photodiode. For this purpose, depletion works as an active area in which 

radiation creates an electron-hole pair and result in electrical current. So PN junction 

can be operated in photovoltaic and conductive mode (Razavı, 2015) (Gray, 2006). 
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3.2.1 Photovoltaic Mode 

In this mode, the large load resistance is applied to the simple P-N junction. 

Because of this, there is no electrical current flowing through the depletion region 

and the only potential difference is occurred across the diode. Electron-hole pairs are 

created by radiation. This current is called radiation-induced reverse current. The 

consequence of this flow of charges is the reduction in the junction barrier, which 

starts another current but now in opposite direction to If. This current is called as the 

forward current. In the photovoltaic mode in the diode is working open circuit. 

Therefore, the reverse current is balanced by the forward current and both of these 

currents are equal to each other and almost no current is appeared in circuit. This 

mode is generally used for solar cell application. 

 

Figure 3.8. Photovoltaic mode operation representation 

In Fıgure 3.8 P-N photodiode is working high load mode (open circuit). This means 

there is no reverse biased and ground connection (Ahmed, 2007). 

3.2.2 Photoconductive Mode 

In this mode, high reverse biased is applied across the diode and this reverse 

biased expands the depletion region. When radiation passes through the depletion 

region, an electron-hole pair is generated that constitutes electrical current under an 

electric field of reverse biased in Figure 3.9. The photoconductive mode is available 
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for the detector application because widened depletion region with reverse biased 

decrease capacitance of junction and increase signal noise ratio. (Ahmed, 2007) 

 

            Figure 3.9. Photoconductive mode operation representation  

3.3 Overview of Silicon PIN photodiode 

3.3.1 Theory of Silicon PIN Photodiode  

Silicon PIN photodiode basically operates similarly to PN junction. P
+
 and N

-
 

types are divided by intrinsic region. Incident radiation creates electron-hole pairs 

inside the PIN photodiode.  The surplus electron on P
+
 types and surplus holes on N

-
 

types go through PN junction. These charges reach to the junction, and then charges 

pass the junction and constitute an electrical current. Silicon PIN photodiode 

structure is shown in Figure 3.10.   



   
 

12 

 

 

Figure 3.10. Silicon PIN photodiode structure and band diagrams 

3.3.2 The Advantage of Silicon PIN Photodiode 

Silicon P-N photodiode is used commonly but it suffers many problems due 

to its structure. In photodetector, depletion region must be wide as much as possible 

to deposit more radiation energy to produce electrical current. So more reverse 

voltage is needed to expand depletion. But Silicon crystal structure doesn’t permit it 

to increase revere voltage due to break down voltage. On the other hand, these issues 

can be solved with high resistivity intrinsic materials between P-type and N-type 

(Figure 3.10). Intrinsic region creates a widened depletion region without high 

reverse biased. These small structural differences not only expand depletion region 

but also decrease capacitance that arises in high-speed response. (Gray, 2006; Kumar 

et al., 2014) 
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3.4 Electrical Characteristic Silicon PIN Photodiode 

3.4.1 Current-Voltage Characteristic 

Current-Voltage characteristic of Silicon PIN photodiode under dark 

condition behaves just as the rectifying diode and operates with forward biased and 

reverse biased. When the photodiode is forward biased, exponential current is 

observed to be rising. On the other hand, if PIN photodiode is reversed biased, the 

leakage current is observed, which is called dark current, is shown in Eq. (3).  

                                               
    
                                                        (3) 

Where ID is dark current, ISAT is saturation current, q is electron charge, VA is 

applied voltage, KB is Boltzmann constant and T is absolute temperature. 

When PIN photodiode is put under light, photocurrent Ip shifts the dark 

current. This situation is expressed in Eq. (3.1) 

                                                             
    
                                                      (3.1) 

                                           (             )                                  (3.2) 

In Eq. (3.2)  q is electron charge,  ph refers to generated electron hole pairs 

per second per unit volume,  A refers to an active area, W is depletion region wide, 

Ln  and  Lp  diffusion length of  N type and P type (Menon et al., 2004; Xu, 2015). 

When PIN photodiode reaches saturation current, reverse current increases 

sharply because of breakdown phenomena. This situation indicates that the 

photodiode reaches the breakdown voltage. Characteristic of the photodiode is 

represented in Figure 3.11. 
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Figure 3.11. General current-voltage characteristic of silicon PIN photodiode 

3.4.2 Capacitance-Voltage Characteristic 

Capacitance is the most crucial parameter on photodiodes operation such as 

frequency response, limiting noise of the amplifier. We told about it in section 3.2.2 

and in this section, we detailed what effects photodiode capacitance. A PN junction 

operating under reverse biased, more positive changes occur in n side and more 

negative charges occur in the P
+
 side so the device works as a capacitor. In other 

word, we can see PN junction as two plate capacitor (Razavı, 2015). This operational 

structure is an ability to calculate the length of the P side ’’ Lp ‘’ and length of the N 

side ‘’LN‘’ by using applied biased voltage Vo - Vb with following equations. 

                                                                                                                    (4) 

Length of N
-
 and P

+
 are varied with the concentration of impurity (NA and ND )    

   

                                                             [
              

           
]

 

 
                                                         (4.1) 
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                                                            [
              

           
]

 

 
                                                          (4.2) 

Summation of  P
+
 and N

-
  side length gives us the collective width of the depletion 

region.  

                            [
                  

       
]

 

                                  (4.3) 

Junction capacitance is written as, 

                                                     
 

 
        

 

 
                                           (4.4)                                  

In equation    is a dielectric constant of the semiconductor material,    is a 

permittivity of free space, and A is called as junction area.  

We can easily notice from Eq. (4.4). Junction capacitance is inversely 

proportional to depletion region-wide  (Ma et al., 2010; Rieke, 2002). 

3.4.3 Quantum Efficiency and Spectral Response 

Quantum efficiency is one of the significant optical features for the 

photodetector and is expressed mathematically ratio of the number of electrons 

collected and a number of incident photons in Eq. (5). It is determined by the 

absorption coefficient of semiconductor materials that are used within semiconductor 

materials. 

 

                              
                             

                           
                           (5) 

It can also be defined as, 

                                                      
  

  
                                              (5.1) 
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Where re is electron number because of incident light, rp is referred to incident 

photons on the photodetector. Internal quantum efficiency is also defined as in Eq. 

(5.2) 

                                                              
         

         
                                        (5.2) 

When radiation hits the photodiode which doesn’t completely reach the 

depletion region due to surface reflections, This situation results in electron-hole 

recombine far away depletion region and doesn’t constitute electrical current. 

(Goushcha et al., 2004; Gray, 2006; Onoda et al., 2002). Because of these reasons, 

quantum efficiency is dramatically less than unity. That is, not all incident photons 

are absorbed to create electrical current. On the other hand, quantum efficiency 

doesn’t contain photon energy, so responsivity is more commonly used for 

determining the characterization of the PIN photodiode.  Responsivity is called as,  

                                                          
  

  
   

 

 
                                                         (6) 

Where Ip refers to photocurrent in watt and P0 refers to optical power in watt. 

Responsivity can be fostered with quantum efficiency expression,  

                                                 
  

  
                                          (6.1) 

we can obtain       easily with Eq. (5.1). 

                                                                                    (6.2) 

                        

                                       
    

  
                                          (6.3) 

The Output photocurrent is derivated simply from Eq.(6.3) by multiplying the 

charge of the electron 

                                      
     

  
                                          (6.4) 

From Eq. (6.4) we can easily find responsivity wavelength relation,  
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                                         (6.5) 

According to the derivated equation, the responsivity of the photodetector is directly 

proportional to quantum efficiency. Ideal quantum efficiency and responsivity are 

represented in Figure 3.12 (Senior and Jamro, 2009). 

 

Figure 3.12. a) Ideal responsivity characteristic b) Quantum efficiency of 

materials  (Senior and Jamro, 2009) 
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4. MATERIAL AND METHODS 

4.1 Fabrication of Silicon PIN Photodiode 

Silicon PIN photodiode fabrication process is classified into three main 

applications. These three processes are followed Radio Corporation of America 

(RCA) cleaning process, initial oxide process, and conventional photolithography 

application, respectively. 

4.1.1 Cleaning Process of Silicon Wafer   

There are some contaminants on the surface of the Silicon wafer. These 

contaminants have to be removed in order to get high performance from Silicon PIN 

diode. Therefore, we used the RCA procedure that is industry standard for removing 

the contaminant from the wafer. There are several steps for the RCA procedure. 

These are organic clean, oxide strip and ionic clean.  

a) Organic clean: Organic clean that removes organic contaminant with 20 L of 

deionized water, 2 L NH4OH, and 2 L H2O2. This solution ratio is equal to 

10:1:1 (Distilled H2O, H2O2, NH4OH), and the solution is heated to 60
 o

C.  

Wafers are put in this solution for 10 minutes and then they are taken with 

carries and put in distilled water for 4 cycles quick dump. 

b) Oxide strip: Thin SiO2 layer may be grown on the wafer and some fraction 

of ionic contaminants likely to remain. In order to remove these unwanted 

contaminants, HF (Hydrofluoric acid) solution was prepared with distilled 

water H2O. After that Silicon wafers are put into HF solution during ten 

seconds. They are removed from HF bath and we put them in distilled water 

for 4 quick dump cycles. 

c) Ionic Cleaning:  Ionic cleaning removes the ionic contaminant, such as Na
+,

 

Fe
+ 

 with 20 L of deionized water, 2 L HCl and 2 L H2O2 in which we located 

our silicon wafer for ten minutes at 60 
o
C. After ten minutes silicon wafers 

are put into deionized water for 7 cycles quick dump. 
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4.1.2 Initial Field Oxide Deposition 

Silicon dioxide layer has the vital role to prevent slickness of silicon wafer 

during the photolithography process. So, 793-nm field oxide (SiO2) area, which is 

shown in Figure 4.1, was grown on cleaned 6 inch (100) 500-µm thick slightly doped 

2.4 kΩ-2.8 kΩ N-type Silicon wafer with wet oxidation procedure at a high 

temperature (1100 
o
C) in a diffusion oven (Figure 4.2). 

       

Figure 4.1. Spectroscopy measurement of a silicon wafer 

 

Figure 4.2. Silicon Oxide on a silicon wafer 
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4.1.3 Photolithography Process for Phosphorus Deposition 

A photolithography process is utilized to transfer the pattern onto a Silicon 

wafer by the photomask. For this application, the following steps were applied. 

Firstly, Silicon wafers were covered with photoresist by using spin coater at 7500 

rpm during 15-second (Figure 4.3). 

 

Figure 4.3.  The photoresist on a silicon wafer 

Then, this application enables us to create a canal to deposit phosphorus with 

ultraviolet exposure shown in Figure 4.4. 

 

Figure 4.4. Ultraviolet exposure on a silicon wafer 
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The photoresist on the Silicon wafer was spoiled under the ultraviolet array. 

Then Silicon wafers were sunk into developer solution to remove spoiled photoresist.  

Having been sunk into the developer, Silicon wafers were put in BHF solution for 

wet etching to remove SiO2 layer (Figure 4.5).  

 

Figure 4.5. Silicon wafer representation after initial lithography 

Silicon wafers are shown in Figure 4.5 has a resistivity of 2.4 -2.8 kΩ which 

is measured using the four-point method. Next, the N-type region was constructed 

with thermal phosphorus deposition, and we obtained a 0.55 Ωcm wafer. After that, 

wafers were put in diffusion oven for drive-in with which we were able to expand N-

type and grow by 120 nm thick SiO2 layer via dry oxidation methods at 950 
0
C. The 

measured resistivity of Si surface is 0.27 Ωcm after drive-in process These processes 

are shown in  Figure 4.6(a) and Figure 4.6(b). 

   

Figure 4.6. a) Wafer structure after phosphorus deposition process b)Wafer                                                      

structure after drive-in the process  
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4.1.4 Photolithography Process for Boron Deposition 

Another photolithography process was applied on a Silicon wafer that is 

shown in Figure 4.7. These wafers were covered again with photoresist, and the 

ultraviolet array was exposed on them to spoil photoresist. Afterward, the spoiled 

photoresist is removed with a developer solution and hard baked. Then wafers were 

put in BHF solution which was prepared with 235 gr NF4, 370 ml of deionized water 

and 120 ml HF solution. For 8 min, BHF solution was removing the SiO2 layer. 

Finally, we put wafers in a stripper to remove the remaining photoresist, and this 

process is shown in Figure 4.7. 

 

Figure 4.7. Photolithography process for boron deposition 

Next, 100 nm P-type region was constructed by Boron deposition at thermal 

diffusion oven in Figure 4.8(a). Then these wafers, which have 3.8 Ωcm resistivity, 

are located in diffusion oven again for a drive-in process at 950 
o
C to create small 

silicon dioxide layer. After a drive-in, we obtained 4.7 Ωcm resistivity structure and 

P
+ 

region expanded to 120nm shown in Figure 4.8(b). 
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Figure 4.8. a) Wafer structure after boron deposition b) Wafer structure after                            

drive-in the process  

4.1.5 Photolithography Process for Metallization  

Photoresists and photomask were covered onto wafers to open a channel for 

aluminum deposition. Afterwards, ultraviolet was exposed on the wafer to spoil 

photoresist in Figure 4.9. 

 

Figure 4. 9.  Ultraviolet light exposure 

Then same photolithography process was applied to remove spoiled 

photoresist and SiO2 layer as shown in Figure 4.10. 
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Figure 4.10. Wafer structure after liftoff process 

Then wafers were covered with Aluminum (Al) by sputtering at 175 W for 

15min. Afterwards, they were covered with photoresist and photomask for the 

removing process. Then they were exposed to the ultraviolet array as shown in 

Figure 4.11.   

 

Figure 4.11. Ultraviolet exposure on a silicon wafer to spoil photoresist 
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After that, Aluminum was removed with a solution that contains H3PO4, 

HNO3, CH3COOH, and PIN photodiode structure was obtained as shown in Figure 

4.12. 

 

Figure 4.12. Schematic representations of PIN photodiode structure 

      After Fabrication steps, Silicon wafers were cut by dicing machine precisely. 

Then, Separated PIN photodiodes were bonded to plastic package apparatus by wire-

bonding machine. Last PIN photodiodes’ structure is represented in Figure 4.13    

 

Figure 4.13. Fabricated PIN photodiode structure  
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4.2 Device Characteristic of Silicon PIN Photo Diode 

4.2.1 Current-Voltage Characteristic Measurement 

Current-Voltage (I-V) characteristic is one of the most crucial electrical 

feature which was determined by KEITHLEY 2636B SYSTEM source meter and I-

V characteristic computer measurement software. The I-V measurement software 

was adjusted to sweep from 5 to -120 V. Current values were observed at the 

computer software under dark conditions at room temperature.  

 

 Figure 4.14. I-V measurement system 
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4.2.2 Capacitance-Voltage Characteristic Measurement  

The capacitance of Silicon PIN photodiode was measured with HIOKI 3532-

50 LCR Hitester and KIKUSUI bipolar power supply PBZ40-10. Voltage swept 

from 5 Volt to -30 Volt at 1MHz. Then capacitance values were obtained 

respectively for each voltage steps at Lab-view software. 

   

      

Figure 4.15. C-V measurement system 
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4.2.3 Quantum Efficiency and Spectral Response Measurement 

Quantum efficiency and spectral responsivity measurements were carried out 

to determine the spectral range and the quantum efficiency under the various light 

spectrum of Silicon-based PIN photodiode by using PVE 300 Photovoltaic EQE 

(IPCE) and IQE solution at METU-GUNAM. The measurement system in Figure 

4.16 which has 75W Xenon and 100W Quartz Halogen light source, was adjusted 10 

nm wavelength, sweeping between 300 nm and 1150 nm. Then, the calibration 

settings were done by taking account of the active area of each PIN photodiode to 

fall into light beam, precisely upon the active area, and prevent undesirable optical 

loses during measurement.  

 

Figure 4.16. Spectral responsivity and quantum efficiency measurement 

system 
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5.   EXPERIMENTAL RESULTS AND DISCUSSIONS 

5.1 Measurement Results of Fabricated Silicon PIN Photodiode  

5.1.1 Results of Capacitance -Voltage Characteristic 

Capacitance-Voltage measurement was carried out for Silicon-based PIN 

photodiodes that have 3.5x3.5 mm
2
, 5.0x5.0 mm

2
, 7.0x7.0 mm

2
 active area to 

investigate depletion region capacitance on conductive mode (reverse biased). 

According to our results that are shown in Figure 5.1. Capacitance values for each 

Silicon PIN photodiode were dropped exponentially until -5V (fully depleted 

voltage). After PIN diodes reached to the depletion voltage, capacitance values 

decreased slightly. The observed small capacitance changes are related to the 

unwanted parasitic capacitance which is ignored in the photodetector application. 

This capacitance behavior can be explained by electrostatic potential which is created 

with reverse biased, and with the risen total junction potential, it expands depletion 

region that reduces capacitance (Sze, 1985). Having been fabricated, Silicon PIN 

photodiodes reach to fully depleted mode, at which capacitances values of 3.5 x 3.5 

mm
2
, 5.0x5.0 mm

2
, 7.0x7.0 mm

2
 PIN photodiodes are 23 pf, 41 pf, 61 pf 

respectively. Obtained results showed that the junction capacitance of Silicon PIN 

photodiode is inversely proportional to reverse biased and directly proportional to 

active of PIN photodiode. This correlation is simply explained with Eq (4.4). Our 

experimental results are consistent with studies that have already published (Kim et 

al., 2014; Seto et al., 1997) Secondly, impurity concentration was calculated from 

slope of C
-2

(F
-2

)-voltage (V) graph (Suzuki et al., 2013) and the results for Figure 

(5a), (5b), and (5c) are 3.45x10
12

 cm
-3

,  2,42x10
12

 cm
-3

, 1.78x10
12

 cm
-3

 respectively. 
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Figure 5.1. a) Reverse biased C-V and C
-2

-V  characteristics 3.5x3.5 mm
2
 

PIN  diode b) Reverse biased C-V and  C
-2

-V  characteristics 5.0x5.0 mm
2
 

PIN diode c) Reverse biased  C-V and  C
-2

-V  characteristics 7.0x7.0 mm
2 

PIN
  
diode 
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5.1.2 Results of Current-Voltage Characteristic 

Current-Voltage (I-V) characteristic was studied on reversed biased for 

Silicon PIN photodiodes which have different active areas. As expected, break down 

phenomena was observed at high reverse voltage. This phenomenon generally 

observed because of the band to band tunneling (Sze, 2007). The break down 

voltages for 7.0 x 7.0 mm
2
, 5.0 x 5.0 mm

2
 and 3.5 x 3.5 mm

2
 PIN photodiodes are      

-93 V, -84 V and -77.5V respectively. Dark current, namely leakage currents, at the 

breakdown voltage are -10.8 µA, -10 µA, -10.2µA in Figure 5.2(a). These obtained 

results were also given in Table 1. Even if these obtained current values are so high 

according to reported studies (Cho et al., 2006; Kim et al., 2015), fabricated PIN 

photodiodes have leakage current order of 10 nA between -5V and -23V.  Observed 

leakage currents at low voltage can be explained with Silicon temperature 

dependence (Ahmed, 2007). On the other hand, leakage current at high voltage can 

be related to tunneling current instead of temperature dependence (Feng et al., 2018; 

Suzuki et al., 2013). We also calculated dark current density simply by using dark 

current data function of voltage in Figure 5.2 (b). Reverse dark current density 

dropped linearly with active area increase between 5x5mm
2
 and 7.0 x 7.0mm

2
 from 

65x10
-9

 A/cm
2
 to -39 x10

-9
 A/cm

2
 but 5.0x5.0mm

2
 PIN photodiode has higher 

current density than 3.5x3.5mm
2
 PIN photodiode, whose values 57x10

-9
 A/cm

2
 due 

to surface recombination of PIN photodiodes. Leakage current that results from 

temperature dependence and surface recombination-generation can be eliminated by 

passivation methods (Kemmer, 1984; Resnik et al., 2000). 

Table 1. Some electrical parameters of fabricated PIN photodiodes 

Active                        

Area 

(mm
2
) 

Dark 

Current 

@ -5V 

(nA) 

Break 

Down 

Voltage at 

10 μA 

(-V) 

Capacitance 

@ -5V 

(pF) 

Doping 

Concentration 

(x10
12

 cm
-3

) 

7.0 x 7.0 -19.1 93 61 1.78 

5.0 x 5.0 -16.5 84 41 2.42 

3.5 x 3.5 -6.97 77.5 23 3.45 
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In addition, shunt resistances were calculated experimentally from current 

values for PIN photodetector by applying small reverse voltage on PIN photodiodes. 

Resistance values for 7.0 x 7.0 mm
2
, 5.0 x 5.0 mm

2
, 3.5 x 3.5 mm

2
 diodes. 50 MΩ, 

75 MΩ, and 155 MΩ respectively. 
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Figure 5.2. a) Reverse biased dark current measurement at 295K b) Reverse 

dark current density function of the PIN photodiode active area at -5V 

 

 

 

 



   
 

33 

 

5.1.3 Results of Quantum Efficiency and Spectral Response 

Quantum efficiency and spectral responsive measurements were done for PIN 

photodiodes which have a different active area at zero biased and at room 

temperature. For this purpose, the light source between 300 nm and 1150 nm, 

precisely aligned on the active area of PIN diodes. During the measurement the first 

detection was observed at 380 nm. This means that smaller wavelengths below 380 

nm electron-hole pairs come up closer to the surface, in where recombination time is 

so short. Thus, they cannot be collected by a PIN photodiode. This situation indicates 

a short cut off wavelength is 380 nm for our PIN photodiodes. After 380nm 

wavelength, quantum efficiency and responsivity values increased rapidly until peak 

wavelength and then dropped till 1100 nm which is long cut off wavelength in Figure 

5.3. After the long cut off wavelength, the incident wave doesn’t have sufficient 

energy to excite an electron from the valence band to conduction band. That is, long 

cut off wavelength depends on the temperature on account of the energy level of the 

band gap of material, and the low cut off wavelength is related to material coefficient 

(Yotter and Wilson, 2003). 

 

Figure 5.3.a) Quantum efficiency measurement characteristic b) Spectral 

responsivity measurement characteristic 

Obtained results for all Silicon PIN photodiodes are consistent with Silicon 

PIN photodiode characteristic (Boivin, 2001; Sze, 1985; Yotter and Wilson, 2003). 

However, responsivity values are worse than commercial Silicon PIN photodiodes, 

such as Hamamatsu S5870, S5980. But the obtained results can be improved by 

covering anti-reflect layer to prevent unwanted reflection.  
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As shown in Table 2, the quantum efficiency and spectral response values are 

the same for 7.0x7.0 mm
2 

and 5.0x5.0mm
2
 Silicon PIN photodiode but, for 3.5x3.5 

mm
2
 small amount of optical loose was observed. This situation results from spot-

size active area uniformity 

Table 2. Quantum efficiency and Spectral response results 

Active Area 3.5x3.5     

mm
2
 

5.0x5.0           

mm
2 

7.0x7.0                 

mm
2
 

Short Cutoff 

Wavelength 

(nm) 

380 380 380 

Peak 

Wavelength 

λp (nm) 

820 820 820 

Long Cutoff 

Wavelength 

(nm) 

1100 1100 1100 

 

Quantum 

Efficiency(%)   

λp 

 

64.70 

 

66.06 

 

66.05 

Responsivity 

(AW
-1

)            

λp 

 

0.43 

 

0.44 

 

0.44 
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6. CONCLUSION AND RECOMMENDATION  

During this study, planar Silicon-based PIN photodiodes with different active 

areas have been fabricated on the (100) intrinsic silicon wafers by using a 

conventional photolithography process. In order to create n
 
and p regions, thermal 

phosphorous diffusion (using POCl3) and thermal boron diffusion (using BBr3) were 

used at 950
o
C in clean room environment at Bolu Abant Ġzzet Baysal University 

Center of Nuclear Radiation Detector Research and Application Center.    

Having been fabricated, 7.0x7.0 mm
2
, 5.0x5.0 mm

2
, 3.5x3.5 mm

2
 Silicon-

based PIN photodiodes of the current-voltage analysis indicated that break down 

phenomena is observed at high reverse voltage, at which leakage currents values are 

the order of µA but the order of nA between -5V and  -10V. These results are high 

because of material temperature dependence, and tunneling current which is 

observed at high reversed biased voltage. In addition, current densities of diodes 

were calculated from dark current values function of area and current density 

between 5.0x5.0 mm
2
 PIN diode and 7.0x7.0 mm

2 
PIN diode decreased linearly 

while active area rose, but the current density of 3.5x3.5 mm
2 

Silicon PIN diode is 

less than 5.0x5.0 mm
2
. This situation showed that surface recombination on 

depletion can be observed for 5.0x5.0mm
2
 PIN photodiodes. Shunt resistances of 

diodes were found at 50 MΩ, 75MΩ, and 155 MΩ respectively. Another crucial 

parameter is that capacitances have evaluated the function of voltage for all Silicon 

PIN photodiode. Junction capacitance decreased exponentially with applied reverse 

biased to the order of pF till -5 V (fully depleted voltage).  Then small capacitance 

decline was observed at higher reverse-biased voltage. This observed capacitance is 

related to parasitic capacitance. Ion concentration (ni) was calculated from 1/C
2
 

slope. The results are 1.78x10
12

 cm
-3

, 2.42x10
12

 cm
-3

, 3.45x10 
12 

cm
-3

.  In order to 

determine the optical feature of Silicon PIN photodiodes, quantum efficiency and 

responsivity measurements were done. Quantum efficiency and responsivity possess 

same value for 7.0x7.0mm
2
 and 5.0x5.0mm

2 
PIN photodiodes. This is an expected 

result for Silicon PIN photodiodes, but small optical loss was observed for 3.5x3.5 

mm
2
 photodiode owing to spot-size is not precisely fit with active area of Silicon 
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PIN photodiode. Silicon PIN diodes can detect wavelengths between 380nm and 

1100nm.  The maximum efficiency was obtained at 810 nm. This result is consistent 

with the theoretical result of Silicon PIN photodiodes. 

Consequently, Silicon-based PIN photodiodes were fabricated successfully, 

and electrical and optical measurements were carried out. According to the obtained 

results, fabricated PIN photodiodes can be operated between -5 voltage and 

breakdown voltage. In addition, PIN photodiodes sensitive light spectrum between 

380 nm and 1100 nm. Even if the leakage current is the main problem for our PIN 

photodiodes, it can be eliminated with some structural optimization for future work. 

In addition, this study was a big step to fabricate radiation detector, vivo dosimeter 

and so on, using Silicon PIN photodiode. The fabricated PIN diodes can be used in 

optoelectronic applications 
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