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Abstract      
In this work optical studies of the effect of surface passivation for surface recombination velocity 

at the interface between 4H-SiC epitaxial layer and various passivation layers are presented. Four 

samples have been used consisting of three main parts: thin film oxide layer, 4H-SiC epitaxial 

layer and 4H-SiC substrate. The substrates for all samples are the same, highly doped n-type. 

The doping and thickness of the epitaxial layers are different; three samples have n-type epilayer, 

doping  around 3-5× 10
15

 cm
-3

 and one sample, the thinnest one, has a p-type doping of 1×10
17

 

cm
-3

.Two types of oxide are used as  passivation layer: Al2O3  on the n-type and p-type with 80 

nm thickness, which is prepared by  the ALD method, and SiO2 – grown layer with 50 nm 

thickness, which is produced by thermal growth technique at 1250 ºC in N2O ambient for 8 

hours. The forth epilayer was bombarded with 30 keV energy argon ion implanted with different 

doses through a native oxide. 

Free carrier absorption (FCA) technique was used to extract effective lifetime of excess carriers. 

The excess carriers are created by a high energy laser (355 nm) pulse, exiting electrons to the 

conduction band. The decay of these carriers is then studied by a second laser at 861nm. The 

carriers in the substrate recombine quickly, but in the thin epilayer the lifetime is long enough to 

be influenced by surface recombination at the epi-passivation layer interface.   

By fitting the experimental results, the surface recombination velocity (SRV) at the interfaces of 

epi/oxide can be extracted. The SRV of substrate/epi is assumed constant at 1×10
6 

cm/s value.  

The highest SRV, 5.7×10
4 

cm/s, is found in the n-type epitaxial layer with 50 nm SiO2 and the 

slowest value, 1.07 ×10
3 
cm/s, is found in the p-type epitaxial layer with 80 nm Al2O3.   

For the argon implanted sample, we did not find the anticipation results. Although the highest 

dose gives the most defects, the SRV, 1.41×10
3 
cm/s, was not very different for other doses.  
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1                       Introduction                          

The requirement of present power electronic systems is exceeding the power density, efficiency, 

and reliability of silicon-based devices. The limitation of temperature for silicon devices is 

approximately 250 ºC (1) and it is susceptible to harsh environment. Because of these 

weaknesses a new type of material from the family of silicon is desired. Silicon carbide (SiC) is a 

suitable material that could substitute silicon in devices. SiC is a candidate for high-temperature, 

high-speed, high-frequency, and high-power applications because it has a wide band gap, high 

thermal conductivity, high saturated electron drift velocity, and high breakdown electric field  

The limitation of temperature in silicon carbide devices is 600 ºC (1). Despite these desirable 

electronic properties, there are many challenges in the manufacture of reliable SiC devices. One 

important issue is the passivation of the SiC surface. 
The 4H-SiC is one of 150 SiC polytypes, but it is available commercially both as substrates and 

epitaxial layers. Also this polytyp is a good material for power devices due to its high carrier 

mobility and its relatively low dopant ionization energy (2). Because of two reasons the 4H-SiC 

bipolar junction transistors (BJTs) is a good candidate for power switching devices: First the gate 

oxide is absent and all the problem at the gate is omitted, and secondly, the on state resistance is 

very low, (3). For the operation of the BJTs a substantial drive current is required, but this is 

decreased by increasing the current gain (3). One of the obstacles for commercialization of SiC 

BJTs is the relatively low current gain due to surface recombination at the etched side wall of the 

base-emitter junction and the poor passivation of the base surface layer (4), (5).  

The solution of this problem is a better surface passivation of 4H-SiC BJT base surface to 

achieve a high current-gain (3). The popular material for surface passivation of SiC has been 

SiO2 which is grown on the epitaxial layer. The high density of defects along the interface of this 

dielectric and 4H-SiC epitaxial layer (SiC/SiO2) reduce the current-gain and it is the other major 

challenge for application of this device (5). According to some reports on potential passivation 

materials for SiC, some high-k material such as AlN and Al2O3 have proved to have better 

dielectric properties than SiO2 and can be deposited by atomic layer deposition (ALD) technique 

(6). The dielectric properties, such as the dielectric constant, and electric and thermal properties 

of 4H-SiC epitaxial layer are major factors for achieving the high current-gain BJTs. Also the 

type of fabrication processes, the thicknesses of the epitaxial layer, the thin film dielectric, and 

the dopant concentration of the epitaxial layer are other important factors for improvement of 

these devices. The reduction of surface recombination rate and the density of interface defects 

are the main factors for increasing the current-gain in BJTs devices (7).  
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There are some different electrical and optical measurement techniques for studying the interface 

of SiC and thin oxide film. In semiconductors devices design, carrier lifetime is a key issue and 

can be used as an ultimate tool for establishing the crystalline quality and process control. An 

inferior crystalline quality of the substrate material and the comparison of the surface 

recombination losses and bulk recombination can be studied by measuring the lifetime (8). The 

free carrier absorption technique is an optical method for studying the lifetime and surface 

recombination velocity (SRV) in semiconductors. An optical pump-probe method was utilised in 

this thesis to study the recombination characteristics.  

In this work, the SRV parameters were derived from fitting experimental data by modelling the 

carrier concentration in the exited epilayer-substrate. Four samples were measured by this 

technique. The substrate was highly doped, n-type 4H-SiC, but the dopant concentration, 

epilayer thickness and thin oxide film used as passivation on the epilayer, were different.  

Comparing the results in different samples showed that the p-type epilayer with the thinnest 

thickness could be fitted within the lowest SRV value. After that, the SRV value of n-type 

epilayer with Al2O3, which was deposited by ALD technique, is the lowest one. The other n-type 

epilayer with grown SiO2 has the highest value of SRV. A forth sample with natural oxide on n-

type epilayer was implanted by low energy Ar-ions at different doses. Surprisingly the SRV 

values of the different Ar-implanted samples were approximately similar. 
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2                      Back ground &Theory  

 

2.1 Structure of 4H-SiC 

 

Silicon Carbide (SiC) has superior properties such as high 

breakdown field and high thermal conductivity. Due to its wide 

band gap, it is a promising material for high power, high 

temperature and high frequency applications (9). SiC has over 150 

polytypes, but only 6H- and 4H-SiC polytypes are available as bulk 

substrate as well as epitaxial layers. 4H-SiC has some advantages 

to compare with other polytypes because of its high carrier 

mobility, low dopant ionization energy and slightly layer band gap 

(2).The structure of this polytypes is shown in Fig 2.1.  

 

 

 

 

A simplified energy band structure of 4H-SiC is 

showed in Fig. 1. It has an indirect band gap, 

Eg=3.23 eV at room temperature, originating at 

the M-valley. A split-off valence band of 7 meV 

at the origin and the second indirect band gap of 

4 eV at the L-valley (see Fig 2.2). 

Figure 2.2 Band diagrams of 4H-SiC (11). 

Figure.2.1 . 4H-SiC structure (10)  
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 2.2 4H-SiC Bipolar Junction Transistor (BJT) 

4H-SiC BJT is a potential candidate for power switching because it combines a high current with 

a very low forward voltage. Besides being able operate at higher temperatures and the absence of 

a critical gate oxide is also in favour of the BJT for switching applications. Although there are 

many beneficial features in the 4H-SiC BJT structure, the current gain of the BJT need to be 

improved. Particularly, the high density of states along the interface of the SiC and also along the 

etched sidewalls at the emitter-base perimeter which are shown in Fig 2.3 are some reasons 

behind current gain reduction in such devices (3) (7) (5). 

 

Fig 2.3 BJT Structure showing the passivation layer on the base 

An important surface passivation may offer a solution whereby a thin oxide layer, comprised of 

high-k material, passivate the surface to reduce the surface interaction.  

2.2.1  Surface Passivation of 4H-BJT 

Passivation of the SiC surface is a way to protect the device from environmental hazard as well 

as optimizing its electrical characteristics. As mentioned before, there can be degradation of the 

current gain in 4H-BJT devices, but passivation of the emitter-base perimeter on the etched 

sidewalls (depicted in Fig 2.3) can improve the BJT performance. In fact one factor for limiting 

the current gain is the surface recombination at the interface of the etched sidewalls of emitter-

base junction and oxide layer. Thermally grown silicon oxide (SiO2) on SiC is generally used as 

a passivation layer. During the process of forming SiO2 some defects will form at the interface. 

Increasing the current gain is often the result of a reduction of the surface recombination by 

decreasing the interface trap densities. Further development of passivation technology helps us to 

achieve higher current gain in 4H-SiC BJT (3) (7) (4). 

2.3 Atomic Layer Deposition (ALD) 

Atomic Layer Deposition (ALD) is precisely a “nano” technology which is able to produce ultra-

thin films in nano scale by depositing one atomic layer at a time. The concept of ALD is variant 
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of physical vapour deposition (PVD) in a repetitive deposition process of one single layer at a 

time. But every cycle is a discrete process; it means that all precursors of every cycle enter the 

chamber at the same time. Each sequence consists of several surface interactions of these 

precursors and the substrate, where all reactions are self-limiting and this is the foundation of 

ALD. It means that every deposition process will be broken up in to sequence of separated steps 

and every step stops at the self-limiting point (12).  

The outstanding advantages of self-limiting process are the unprecedented control of thickness, 

uniformity, quality and material properties. In addition, because of the mild temperature related 

to this technique, as compared to PVC or CVD, the defect and dislocations which are appears in 

the substrate will be reduced.  

There are some high-k materials which are used as a dielectric in capacitors or passivation layer 

on some semiconductors. It has been reported that two high-k dielectrics; Al2O3 and AlN are 

better than SiO2 (k = 3.9) (6) for passivation in SiC. The best technique for depositing these high-

k materials with the best quality is ALD. Atomic layer deposited Al2O3 has an amorphous 

structure but AlN has a polycrystalline structure. Although the dielectric constant of AlN (k = 

9.14) (13) is higher than Al2O3 (k = 8) (14), due to its polycrystalline structure, AlN has a higher 

current leakage compared to Al2O3 in 4H-SiC (6). 

Among all samples measured in this thesis, two of them had Al2O3 passivation layer prepared by 

ALD explained in the following section. 

  

2.3.1  Deposition of Al2O3 as a passivation layer by ALD  

Al2O3 is one of the candidates as high-k materials that can be deposit by ALD where the 

precursors of this reaction are Tri-methyl aluminium (TMA) and H2O. H2O vapour, as an 

ambient gas, is absorbed on the surface forming the hydroxyl group with silicon (SiOH). The 

sample is put in the reactor and TMA is pulsed to in to the chamber (Fig 2.4). TMA reacts with 

the adsorbed hydroxyl group on the surface and Methane is produced. By pulsing the TMA this 

reaction is continued until there is no hydroxyl left on the surface. Now, the passivation of the 

surface is completed and excess TMA or methane, (i.e. the by product), are pulsed away, and 

because of the self-limiting property, no more reaction will occur (Fig 2.5 and Fig 2.6). 
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Figure 2.4 Surface reactions between substrate which absorbs 

hydroxyl (OH) because of the H2O vapour in the air 

and tri-methyl aluminium in (TMA) the chamber 

(15). 

 

 

 

Figure 2.5 Reaction between TMA and the surface because of 

its Hydroxyl (OH) group and producing methane as 

a reaction product (15). 

In the next step, the first precursor is entered again. Vapour H2O in pulsed to in the chamber 

where it reacts with the dangling methyl groups on the new surface (Fig 2.7). The aluminium 

oxygen (AlO) bridges are formed and methane is produced again as a by product (Fig 2.8). 
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 Figure 2.6 Covering whole of the surface and stop the reaction 

with first precursor (TMA) because of the self-limiting 

property of ALD (15). 

 

 

Figure 2.7 Pulsing the precursor of process; vapour H2O and 

reacting it with every dangling methyl group (15). 

 

 

Figure 2.8 Reacting the second precursor; vapour H2O and 

producing the methane as a reaction product (15). 
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After all combination of H2O with methyl groups, due to self-limitation, excess H2O and 

methane (reaction product of this deposition) are pumped away (Fig 2.8). Now such as the first 

step by pulsed the TMA the next step will be started and the new layer will be produced (Fig 

2.9). This sequence will repeat again (Fig 2.10). 

 

 

Figure 2.9 All dangling methyl groups surface reacted with 

vapour H2O, then methane as a reaction product 

and excess TMA pumped away. Again the 

hydroxyl (H-O) combinations are waiting for TMA 

(15). 

One cycle in this deposition include one TMA and one H2O vapour pulse and every cycle yields 

approximately is 1Å (Fig 2.9). Each cycle with all pulsing and pumping takes 3 seconds (15). 

 

 

Figure 2.10 Three cycles were repeated and there are three layers (15). 

ALD in comparison with the other deposition technique, such as PVD and CVD, is more costly 

but faster.  
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 2.4 Carrier Lifetime and Recombination-Generation  

All measured samples here, comprise of: (1) epitaxial layer, (2) substrate, (3) thin film oxide. 

There are two interfaces of epitaxial layer with thin film oxide and substrate.  These interfaces 

are the main focus of this thesis where the quality of the passivation in the epitaxial oxide layer 

thin film is examined. There are some electrical and optical techniques used in examining the 

quality of epitaxial layer and the other parts. The optical measurement technique that used in this 

thesis is free carrier absorption (FCA) (8), (16).     

The creation, examination and analysing the decay of these excess carriers in the different 

abovementioned layers are the fundamental part of this thesis. The lifetime is related to different 

types of recombination processes and plays an important role in all optical techniques. Note that 

the decay of excess carriers can be varied (16). In this part different decay processes will be 

described and the theoretical interpretation behind the measurements will be outlined.   

   

2.4.1 Different type of Recombination-Generation processes 

In the optical pump-probe technique, a below-gap steady state infrared beam focused on the 

sample is used as probe. The transmitted light is collected on photodetector. The reduction in 

intensity of probe beam is related to the absorption by the free carriers in the sample. A short 

above-gap pump pulse (UV) laser exposes the same region and excess carriers are formed (16). 

Due to the concentration level of this excitation pulse, which is related to the energy of pulse and 

the doping concentration in the epitaxial layer, numerous recombination events will occur.  

The 4H-SiC has indirect band gap and the R-G processes, which are relevant to indirect band 

gap, will be mentioned. By changing the doping concentration, the level of injection and also 

excess carrier concentration vary from low to high. There are two non-radiative recombination, 

SRH (R-G center Recombination) when carrier concentration is below 10
17

 cm
-3

 (16) and, Auger 

recombination when this values going over 10
18

 cm
-3

 (16). 

 2.4.2 Excess carrier Lifetime and levels of injection 

In this technique excess carrier lifetime is the main parameter for analysing the sample. Analysis 

of the lifetime reveals the quality of the fabrication processes. In optical pump-probe technique, 

pump pulse laser excites carriers and creates the excess carrier. Carrier lifetime depends on the 

concentration of carriers and it will be changed as carriers recombine (16), (17).  

At first, definitions for „low‟ and „high‟ injection conditions are necessary. The high 

concentration level is when the carrier concentration is much above the doping level and low 

concentration level is when the excess carrier level is much lower than the doping concentration. 

At high level injection, the electron and hole concentration must be equal due to change 
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neutrality. If δn and δp are the excess carriers, n and p are the carrier concentration and n0 and p0 

are the majority carrier concentration as to equilibrium, then (17): 

                                                                                                                                    (2.1)                                                                                                                               

                                                                                                                                     (2.2) 

For high injection condition:                                 

but at low level injection:                                     

In this thesis the carrier level was mostly at low level condition and the minority carrier lifetime 

dominated. It is essential that the theory of free carrier absorption and the extraction method of 

absorbed carrier lifetime are defined before describing all the recombination types in the 

specimen. 

The optical technique for measurement of excess carrier lifetime here is TFCA (transient free 

carrier absorption) and pump-probe beam method was applied. When the pump pulse is absent, 

the infrared probe beam has two different intensity  which are related to before and after passing 

the thickness of the sample (d) respectively ; incident I0 and transmitted I intensity. There is a 

decay at the intensity of this beam during the transmission due to absorbed in the specimen Eq. 

(2.3). The absorption coefficient is called α0 and “cm
-1” 

is its unit. After the pump laser has 

produced excess carrier in the sample, the absorption parameter will be changed to the time 

dependent one αFCA (t), and the dynamic part is added to the absorption coefficient constant (α0), 

Eq. (2.4). The intensity of the beam during transmission though the sample will be time 

dependent too Eq. (2.5) (18) (19): 

                                                                                  
                                                                                                              

                                                                                  

                                                                                                                                                                                          

Whereas studying the transient process is the aim of this measurement, it will be more used to 

study ΔαFCA (t) instead of αFCA (t). Then Eq. (2.5) changes to Eq. (2.6):  

                                                                                                                                                                                          

From the Drude  Model and the quantum-mechanical treatment, the linear dependency of the free 

carrier absorption (FCA) on the carrier concentration is predicted (see Eq. (2.7) (16)). Where 

      is the free carrier absorption cross section which has been calibrated for some special probe 

wavelength (λ) measurements of the absorption coefficient at this wavelength can be used for the 

absolute concentration of carrier (n), this dependency showed by Eq. (2.7) (18), (20): 
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Combining Eq. (2.4) and (2.6) provides Eq. (2.8) (16) to obtain excited carrier dynamics and 

calibrate the       values: 

        
        

    
  

 

      
   

  

    
                                                                                                                                                              

During the diffusion of excess carrier in the specimen, its concentration is time dependent and it 

has an exponential decay, Eq. (2.9) (19). Fig 2.11 shows this decay:  

      
  

                                                                                                                                                                                                              

  

Figure 2.11 The decay of carrier concentration in the 
specimen after injection. It shows that the 

carrier lifetime can be extracted at 1/e height 

of the interception of decay and carrier 

concentration axis.  

Fig 2.11 describes the definition of the lifetime as the time it takes for the carrier concentration, 

δn, to reduce to 1/e of its maximum value, δn0. The lifetime will be extracted by this model using 

Eq. (2.8) and (2.9): 

    
  

    
 

      
   

  

    
                                                                                                                                                               

The concentration decay of carriers and the time dependence absorption of excess carriers are 

correlated by Eq. (2.10). The lifetime is found by reading the time for which the absorption value 

has decreased to 1/e (see Fig 2.11). In fact the dynamic absorption is proportional to the excess 

injected carrier concentration.   
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2.4.3 R-G center/SRH Recombination  

Due to certain impurity atoms and crystal defects, which may for instance be created during the 

fabrication and/or doping process, deep-level state (ET) close to the middle of the band gap may 

be formes. These defects can be a center of generation and recombination (R-G) in the bulk. 

According to Fig 2.12 the process can be seen in two ways. First, one type of carrier and the 

other type are both emitted from their respective bands to the same R-G center and annihilate 

there.  

 

Figure 2.12 R-G canter recombination (SRH recombination) 

in bulk (17). 

On the other point of view, an electron falls from Ec to ET and then to Ev. This is a non-radiative 

and heat is released during this process (17). This is a bulk recombination and ET in the midgap 

region represents a defect level where carriers can recombine. This R-G canter was named 

schockley- Read-Hall (SRH) recombination because carrier capture and thermal emission at 

defect levels was first considered by Shockley and Read and independently by Hall (16). In 

general, this type of recombination will be occur in both low-injection and high-injection but it 

will dominate the lifetime for the deep level carrier concentration value is around 10
16

 cm
-3

 (16).   

 

2.4.4 Surface Recombination (Low injection level) 

When the low level injection conditions prevail there is another type creation/annihilation of 

carriers in the vicinity of a surface. This type of recombination is related to the interaction of 

interfacial traps or surface state located at the surface of materials. According to Fig 2.13 

electron and hole both can be captured in the surface and recombine. These transmissions are 

similar to the generation and recombination of carriers in SRH type in the volume of 

semiconductors. But there are two significant differences: first, the dimension of this 

recombination is the area instead of volume and all movements occur along the plane and 

therefore the unite of recombination rate parameter is “cm
2
.s”. Secondly, the surface states are 

like as R-G center or deep-level state in SRH recombination but they have continuos distribution 

of their energies within band gap (17). 
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Figure 2.13 Recombination-Generation at semiconductor surface via to 

and from interfacial traps.(a) electron and hole capture 

leading to carrier recombination .(b) their emission leading 

to carrier generation (17). 

Due to surface recombination, the measured lifetime will be depending on the R-G centres at the 

surface. All interactions at the surface have a direct effects on lifetime but the measured lifetime 

depends also on carrier diffusion coefficient D (cm
2
/s), the thickness of sample d (μs) and the 

surface recombination velocity (SRV) (cm/s) (16). For high and low injection level, the diffusion 

coefficient (D) will be different. In low injection it‟s equal to the diffusion coefficient constant of 

minority carriers and in high injection it is the ambipolar diffusion constant (21). Between all 

these parameters, the surface recombination velocity (SRV) can dramatically change the lifetime. 

In fact, by controlling this value in the semiconductor devices their performance will be much 

more controlled. Surface passivation is the way to reduce the surface recombination rate and 

SRV (17), (22). 

 

2.4.5 Auger recombination (High injection level)  

The final recombination process described here is another type of non-radiative process called 

Auger recombination. This recombination rate can be determined from the absorption method in 

two different ways: using the high injection for excitation of a low-doped semiconductor and 

measurement the excess carrier lifetime or in high doped samples by applying the low level 

injection, the minority carrier lifetime is measured (23). Three carriers have reaction together in 

this process e-e-h or h-h-e. An electron-hole pair will recombination and the excess energy is 

picked up by a third carrier, which is excited to higher levels in the band (17). In 4H-SiC if the 

carrier concentration is more than 10
18

 cm
-3

 i.e. at high injection level, the Auger recombination 

will occur (16). 
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                Figure 2.14 Auger recombination (17). 

 

2.5 Effective (measured) lifetime  

The TFCA (transient free carrier absorption) technique, measured the effective lifetime of excess 

carriers in the specimen. This measured lifetime includes different types of lifetime which 

correspond to different recombination Eq. (2.12) (16). The base of this measurement is extraction 

of effective lifetime and this is the inverse summation of all recombination lifetimes 

simultaneously Eq. (2.12).The forth term (1/τRad) of Eq. (2.12) concerns to the radiative 

recombination, and can be omitted because the 4H-SiC has indirect band gap and all 

recombination in it are non-radiative. In addition, the measurement are done under low injection 

conditions and also all doping concentrations are less than 10
18

 cm
-3

, thereby the Auger 

recombination does not occur and the third term is omitted, too.  

 

    
  

 

    
  

 

     
  

 

      
  

 

    
                                                                                                                                     

Finally the measured effective lifetime depends on the surface lifetime (τsurf) and SRH lifetime 

(τSRH). The τSRH is related to the bulk recombination and the surface lifetime is related to surface 

recombination. As mentioned in 2.4.3 is also dependent on diffusion coefficient, thickness of 

layer and SRV. All the samples in this measurement have a passive surface, thereby the low 

surface recombination occurs (22). The relation of all significant parameter of the surface 

lifetime at low surface recombination velocity is shown in Eq. (2.13) (22): 

     
 

  
 

  

                                                                                                                                                                                                

According to Eq. (2.13), d is the thickness of the layer, S is the surface recombination velocity 

and D is the diffusion coefficient constant for diffusion of carriers. Although there are two 

different interfaces, the SRV values are the same and there is a symmetrical surface 

recombination. But if the sample is similar to Fig 2.15, the epitaxial layer has two interfaces; the 

interface of epitaxial layer/oxide film (its SRV value: S1) and the interface of substrate and 

epitaxial layer (its SRV value: S2). If there are two different interfaces with different SRV 

values, and it‟s assumed that the S1 is lower than S2, the asymmetrical surface recombination will 
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occur. The Eq. (2.13) changes to Eq. (2.14) (21) and it gives small error around the ratio S2d/D≈1 

in respect to the numerical result values. 

     
 

  
  

 

 
   

 

  
                                                                                                                                                                                                           

In this equation the difference between S1and S2 is very large and it is possible to assume the 

smaller values equal to zero (21), but by following all this limitations Eq. (2.14) improved  for 

the intermediate case with different SRV values if S2/ S1 >>1 (24):  

        
 

    
 

 

    
 

   

                                                                       

 where :                                                                                       

                 
  

  
 
 

                                                                                                                                                      

The Eq. (2.15) (24) is an empirically achievement and k is its coefficient which is evaluated for 

asymmetrical (S1 ≠ S2) recombination surface. This coefficient calculated by Eq. (2.16) in this 

thesis. By substituting Eq. (2.15) in Eq. (2.12) the final equation for analysing the effective 

lifetime in these measurements will be ready Eq. (2.17) (24):  

 

    
  

 

     
   

 

    
 

 

    
 

   

      
  

                                                                                                                           

  

 

Figure 2.15 The schematic of every sample which was 

measured by pump-robe technique. There 

are two different interfaces with different 

SRV values (S2>S1).  

Consequently, studying the interfaces of epitaxial layer in this experiment depends on knowing 

about the SRV values. Although the diffusion coefficient D and thickness of epitaxial layer are 

involved in Eq. (2.15), the most efficient factor on the surface lifetime is the velocity of 

recombination on the surface and reducing SRV is desired.  
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1 3                               Experiment 

3.1 Sample preparation 

In this part all of the samples will be introduced. At first the fundamental parts that are the same 

in all of them, is shown in Fig 3.1. All samples comprise three parts: 1) substrate, which is the 

thickest region with a thickness of around 300 μm, 2) Epitaxial layer, a low doped region with a 

thickness of less than 15 μm and 3) Oxide layer, which is the thinnest layer. All these structures 

are shown in Fig 3.1. 

 

Figure 3.1 Schematic of different regions in all samples. The 

epitaxial layer interface to the substrate is called S2 and 

epitaxial/oxide interface S1. 

3.1.1 Description of sample layers  

The substrates of four samples are cut from a 4H-SiC wafer which has been purchased from 

SiCrystal Gmb. This wafer is an n-type wafer with a doping concentration of 10
19

 donors/cm
-3

. 

Its thickness is around 0.35 mm. Every sample is about 1×1 cm
2
. Since all these samples are 

used for electrical measurement, they have a metal contact on the back side. Nickel is used as 

contact metal here.  
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3.1.2 Surface layers  

There are two different layers on this substrate, an epitaxial layer (n/p- type) and the thin film of 

high-k dielectrics on the top.  

 Epitaxial layers 

Chemical Vapour Deposition (CVD) is a technique for growing the SiC epilayers on the 

substrates. The 15 μm n-type epilayer with nitrogen doping level of 3-5×10
15

 cm
-3

 concentration  

was grown on 3 of these substrate. The 7 μm p-type layer which is doped by 10
17

 Al cm
-3

 was 

grown on one of them. All these epilayers were grown by Acreo AB. 

 Dielectric layers: SiO2 and Al2O3 

The samples were covered by a thin layer of oxide. This part was done in the clean room of 

Electrum lab at KTH. The SiO2 and Al2O3 are two oxides which were used as a passivation layer 

on epilayers. Three different techniques were utilised for passivation of these stacks. All samples 

were cleaned by aceton, propanol and de-ionized water. Their native oxide is also removed by 

dipping the sample in diluted HF. Now they are ready for passivation. 

SiO2 on the n-type epilayer: 50 nm SiO2 was grown on one of the n-type epilayers by oxidizing 

SiC at 1250 ºC in N2O ambient for 8 hours. (see (a) in Fig 3.2) Al2O3 on the n-type and p-type 

epilayers: 80 nm Al2O3 deposited by thermal atomic layer deposition (ALD) on the epilayers at 

250 ºC. Trimethyl aluminium (TMA) and H2O were the precursors for this deposition (see in Fig 

3.2 (b)). 

 

Figure 3.2 In all samples the epitaxial layer is 4H-SiC (a) grown 50 nm SiO2 film on epitaxial layer, (b) 80 

nm Al2O3 deposition on n-type, (c) 80 nm Al2O3 deposition on p-type and (d) Ar-implanted 

sample which Every part was bombarded with Ar ions with 30 keV energy and different Ar 

doses;3×1013 cm-2,  3×1014 cm-2, 3×1015 cm-2 respectively. 



23 

 

 One sample was implanted with 30 keV Ar ions using three different doses. The sample is 

shown after implantation in Fig 3.2 (d) and 4 stripe regions can clearly be distinguished. Region 

number 1 is unimplanted and only covered by 2 nm native oxide. The next lowest level is region 

number 2, and it has received a dose of 3×10
13 

cm
-2 

of Ar ions, the dose of  third  region is  

3×10
14 

cm
-2

, and the last region at the bottom has received a dose of 3×10
15 

cm
-2

.This 

implantation will cause a damaged layer at the surface of the 4H-SiC epitaxial layer. The 

projected range of 30 keV Ar is 20 nm. The lowest dose will give rise to isolated point defects, 

but the highest fluence will cause the SiC to be amorphous (25).  

  

Table 1 .Summary of the sample parameters in different regions are given in this table. 

 

 

 

 

 

 

 

 

 

 

Error of the thickness measurement is shown by ± values in Table 1 for the substrates. This is 

related to the inhomogeneous back side of samples. Because of the metal contact layer, their 

back side was polished. Polishing will be described in the next part.     

 

3.1.3 Polishing of backsides  

The last step of samples preparation is polishing the backside to remove the Ni contact and 

prepare optically non-inter-activity surfaces. 

 Substrate 

thickness 

(µm) 

Substrate 

doping 

(cm-3) 

Epilayer 

thicknes

s(µm) 

Epilayer 

doping  (cm-

3) 

Film Film 

thickness 

(nm) 

Ar- Implanted  (n-

type epi ) 

 

362±2 10
19 8-10 5 ×10

15 
SiO2 (native 

oxide) 
2 

SiC/SiO2            

(n-type epi) 
348±2 10

19 15 3-5 ×10
15 SiO2 

(Grown) 
50 

SiC/ Al2O3         

(n-type epi) 

 

350±2 10
19 15 3-5 ×10

15 Al2O3 80 

SiC/ Al2O3       (p-

type epi) 

 

340±4 10
19 5-7 1×10

17 Al2O3 80 
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A wet type of polishing was used where water was used as a lubricant (see Fig 3.3a). The 

polishing machine comprises a diamond polishing film discs with different grain sizes, shown in 

Fig 3.3b, and a holder with three screws for setting the angle between the sample and the 

diamond polishing disc. There is a plastic part under the holder that is separated from the holder 

and the sample is fastened on this part. It is shown by the red arrow in Fig 3.4b.  

 

Figure 3.3 (a) polishing machine without any diamond polishing film disc, 

(b) different grain size of Diamond Polishing film discs. 

At first the sample should be fixed on the plastic part of holder. A special solid wax (see Fig 

3.4c) was melted on the separable part of holder with a hand held heater. Its melting point is 

under 100 ºC and it is soluble in aceton. The sample was put on the melted wax. It should be 

mentioned that having a very thin layer of melted wax is one of the important factors for a 

homogenous polished backside. After fixing the sample on the holder the diamond polishing film 

disc must be chosen. The 30 µm, 15 µm, 6 µm, 3 µm, 1µm and 0.5 µm grain size diamond disc 

was used consecutively (Fig 3.5b). The holder was usually held on the rotating diamond discs.  

By decreasing the grain size of the diamond film, the abrasiveness is increased. Checking the 

homogeneity of the backside by eye it was possible to find out when the diamond disc should be 

changed. By changing the discs to smaller size, the shinier surface was produced. During the 

polishing, the backside should be checked at least every 5 minutes.   

 

 

Figure 3.4 (a) the top side of the holder with three different screws for changing slope of 

sample with diamond polishing film disc, (b) under the holder this a separable 

transparent plastic part for sticking the sample on it, (c) solid wax that its 

melted was  used for fixing the sample on the holder. 
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The last step is to separate the polished sample from the holder. Separable part of holder with 

sample was put in the aceton and the wax dissolved. Then the sample will be separated after a 

few minutes. 

 

3.2 The instrument of measurement 

Carrier lifetime can be used as a tool to study surface recombination velocity (SRV) of surface 

and interfaces of the epitaxial layers. The optical pump-and-probe technique based on FCA was 

used as utilized for free carrier absorption lifetime (FCA) probing. This is an optical method to 

measure the effective lifetime and analysing the interfaces and surface of the epitaxial layer and 

it was explained in chapter 2 completely. The instrument of the pump-probe method is in the 

laser lab in Electrum at KTH.  

 

 

Figure 3.5 The pulse pump-probe technique in laser lab in Electrume 

building at KTH. The infinity pump laser (green line), 

probe beam (red line) and photodetector are shown. 
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The hardware of this optical technique includes four main parts: 

- The infinity pump laser to exiting the carriers in the sample at a wavelength at 355 nm. It is      

showed in Fig 3.5 with a green line. 

- The probe beam laser; this is a continues laser with 861 nm wavelength, and it is utilized to 

study the decay of excess carriers. It is showed by red line in Fig 3.5. 

- The sample which is fixed on the holder. This holder is able to move in both vertical (by hand) 

and horizontal (by computer) directions (see Fig 3.5, 6). 

- Photodetector (avalanche photo detector) which detects the probe beam laser at the back of the 

sample and it connected to the oscilloscope (see Fig 3.5, 6).  

 

 

Figure 3.6 The position of sample and photodetector are shown  

  

In Fig 3.5, the stream of pumped pulse from Infinity laser is shown. The pumped pulse passed a 

filter and is sent to the sample by some lenses and mirrors.In Fig 3.6, the next step of sending 

pulse laser to the sample is shown. In this figure also the position of sample and IR detector are 

clearer. 

 

3.3 Probe-pump Setup 

In this setup, as it is shown in Fig 3.7, there are two lasers: a pulsed Infinity laser and a continuos 

infrared laser for probing. The pump pulse generated by Q-switched Infinity Nd: YAG laser 
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tripled to an output wave length of 355 nm (3.49 eV). The Energy of every pulse stays constant 

at 13 μJ by putting the filter in beam path (24). 

The pump laser pulse half-width is 2 ns and the repetition rate is 40 Hz. The 355 nm wave length 

band gap of 4H-SiC (Eg = 3.25 eV) (24). This pulse is guided by some mirrors and strikes the 

epitaxial layer plane with 30 degrees angle. There is a lens along the path of the pump beam for 

producing higher excitation fluencies. The spot of this pulse appeared blue spot with 1 mm
2
 area 

on the sample.  

The measurement geometries of this setup is the collinear type and it means that both the pump 

and probe beam enter the sample from the same side (see Fig 3.7). The probe beam is an infrared 

continuous wave laser beam with 40 mW light with a wavelength of 861 nm and it passes though 

the sample continuously. The excess carriers which are generated by the pump laser are absorbed 

the energy of probe beam. The detector which is located behind the sample is an avalanche 

photon detector (APD) which detects infrared beam after passing though the specimen. The APD 

is a semiconductor electronic device that is able to convert the light (electromagnetic radiation) 

to electricity by exploiting the photoelectric effect.  The photodetector sent carrier transients to 

the 2 GHz oscilloscope which is connected to the computer.   

 

 

Figure 3.7 Schematic of the pump-probe setup. 

The oscilloscope monitored the intensity time dependence of probe beam during passing the 

sample. Therefore, this graph is converted to the time dependence absorption of excess carrier in 

different layers of samples by using the Eq. (2.5) in the computer. The new graph is an 

exponential type and it shows the different decays of absorption in the different parts of the 
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sample (substrate, epitaxial layer and defects of substrate).  The effective carrier lifetime of every 

part extracted from the slope of induced absorption decay will be explained in the “Data 

acquisitions and measurement procedures“. The resolution of the probe beam is the effective 

factor to reducing the noise. The focal length of the focusing lens, probe wavelength and sample 

thickness along the probe have an effect on the resolution of the probe beam. In addition, two 

different spots will appear when both UV laser pulse and IR probe beam contact the surface of 

the sample: 1) blue spot that is related to the laser pulse and 2) the orange spot of IR beam. A 

good resolution occurred when these spots overlapped. The sample was fixed on a holder which 

is controlled by motors with micrometer precision. For example, as indicated in Fig 3.8 the spot 

is one measured position on the 4H-SiC/SiO2 sample. 

 

Figure 3.8  Schematic of finding the coordinate of 

every position on the SiO2/4H-SiC 

surface. 

 The coordinates of every spot on the sample fine by two different movements; horizontal 

movement and vertical one. The horizontal movement controlled by computerized motor and it 

change the length of every position (see Depth in Fig 3.8). The vertical movement which is 

change the height of position on the surface is done by hand (see Height in Fig 3.8). On each 

sample 20-40 positions were measured. The average of all τfast and τintermediate values is then used. 

 

3.4 Pump-probe technique  

The fundamental of the pump-probe technique is absorption of excess carriers which are created 

in the sample by pumping the laser. This idea originates from the absorption of photon with 

energy below the material band-gap (ћωprobe< EG) by excited carriers. Creation of excited 

carriers is done by a pump light with a photon energy above the material band-gap (ћωpump > 

EG). In the FCA probing there is the infrared wave probe with the energy below the band gap of 

4H-SiC. The other thing is the laser with short and highly energetic pulses. It is utilized for 

generating excess carrier with the energy above the 4H-SiC band gap. The intensity of probe 

beam after passing through the excited volume of specimen will be changed and this difference 

in intensity is related to the absolute carrier concentration. According to Eq. (2.7), (2.8), the FCA 

dependence on the carrier concentration (n) and free carrier absorption cross section (ϭFCA). 
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Consequently, by knowing the value of absolute carrier concentration (n) as a function of time 

the excess carrier lifetime will be extracted (Eq. (2.9)) (18). 

                                                                                                                                                                                                  

    
     

    
  

 

      
   

  

    
                                                                                                                                                        

      
  

                                                                                                                                                                                                   

The base of this experiment is finding the effective lifetime in the epitaxial layer and extraction 

the surface recombination velocity (SRV) of excess carriers at the two interfaces of this epilayer. 

According to the injection levels (low level), the dopant concentration of all epitaxial layers (low 

dopant) and the type of band gap in 4H-SiC (indirect), the effective lifetime in epitaxial layers 

compromise two types of lifetimes: 1) bulk lifetime in epitaxial layer and 2) surface lifetime (see 

Eq. (2.12)). 

The first one is related to the SRH recombination in epitaxial layer (bulk) and the second lifetime 

is related to the surface recombination and diffusion to its interfaces (see Eq. (2.13)). The surface 

recombination and, subsequently the SRV in these interfaces, are different because the thickness 

and material of substrate and oxide film are different. Consequently, according Eq. (2.17), the 

thickness of epilayer (d), diffusion coefficient (D) and SRV (S) of every interface are affective 

the surface lifetime. The theory of this method and all of its equations were explained in chapter 

2 (2.4.2). 

 

    
  

 

    
  

 

     
  

 

      
  

 

    
                                                                                                                                           

                                                     

 

    
  

 

     
   

 

    
 

 

    
 

   

      
  

                                                                                           

                
  

  
 
 

                                                                                                                                                           

    

3.5 Data acquisitions and measurement procedures 

By using the FCA probing technique the time dependent intensity of the probe beam versus time 

is recorded on the oscilloscope for every pulse of the pump laser (see Fig 3.9). This graph will be 

changed to the time dependent absorption versus time by using the Eq. (2.5) and this is shown in 

Fig 3.10(a), (b). 
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Figure 3.9 Pump pulse laser excited some carriers on every 

position that it fixed on sample and they probe by IR 

cw laser .then detector collected probe beam after 

passing the sample and send data to oscilloscope. 

                                                                                                                                                                                                                                       

 

 

Figure 3.10   (a) the graph which is appeared on the oscilloscope change to (b) the time 

dependent absorption for that position. Every part of the graph (b) 

corresponds to the absorption of excess carriers in different part of sample. 

The time dependent absorption (αFCA) for excess carriers decay includes three parts: (1) the fast, 

(2) the intermediate and (3) the slowest tail (see Fig 3.10 (b)). 

The fast part corresponds to decay of carriers in the substrate. The lifetime which is extracted 

from this part is the shortest one and it is related to recombination of minority carriers in the 

substrate.  The intermediate decay corresponds to recombination in the epitaxial layer. The 

effective lifetime in the epilayer will be extracted from this part and it is the significant value of 
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this measurement. The lowest part corresponds to defects, traps and impurities in the bulk 

substrate. The third part is not important in this experiment.  

According to Fig 3.10(b), the effective lifetime of part 1 and part 2 is found by reading the time 

for which the absorption value has decreased to 1/e in that part. For example for finding the 

effective lifetime of the fast part: 

    
   

 
                                                                                                                         

    

                                                                                

                                                                                                                                                                                                                                 

The t1 is the starting point of absorption axes on the time axes and e is the Neper number. The 

effective lifetime of the intermediate part will be found in the same way as the fast part: 

  
  

 
                                                                 (3.3)                                                                                                                                

                                                                 (3.4)                                                                                              

On the other hand, according to Fig.3.10, the percentage of absorption in different parts can be 

extracted. This percentage in the substrate is around 90% of all free carrier absorption and 10% 

corresponds to epitaxial layer absorption. The scale of this plot (Fig 3.10(b)) is logarithmic and if 

it changed to linear scale, the fast part will be higher and it shows the higher percentage of 

absorption in the substrate clearly.  

  

        

  
                                                             (3.5)                                                                                                                  

        

  
                                                             (3.6)                                                                                                     

By comparing these values the ratio of the substrate thickness and epitaxial layer thickness for 

every sample, the noticeable difference reveals.   

 
   

   
    

       

     
                                              (3.7)                                                                                              

For the following the SiO2/4H-SiC with n-type epitaxial layer is chosen as example. The change 

in the probe beam intensity after pumping the pulse laser is monitored in the oscilloscope (shown 

in Fig 3.11).   
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Figure 3.11 Time dependence intensity of infrared probe beam which is related to 

SiO2/4H-SiC with n-type epitaxial layer. This graph is seen on the 

oscilloscope.  

This graph is converted to the time dependence absorption of excess carrier versus time in that 

sample by using Eq. (2.5). Three characteristic parts of absorption were shown in Fig 3.12. 

According to Eq. (3.5), the absorption percentage (ap) of substrate is  

         

    
                                                              (3.8) 

And this percentage in the epitaxial layer is: 

          

    
                                                              (3.9) 

In this sample, more than 95% of the total thickness (dtot) is constituted by the substrate (dsub). 

The remaining 5% is the epitaxial layer thickness (depi). If the absorption percentage abbreviate 

to (ap) then: 

 

    

    
 

   

  
 

      

     
                                                (3.10)                                                                                              

 
     

     
  

   

  
                                                  (3.11)                                                                                                        
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Figure 3.12 Time dependence absorption of excess carriers in different parts of the sample. This decay 

is related to SiO2/4H-SiC with n-type epitaxial layer. 

 

By comparing (3.10) and (3.11) a difference will be reveal. It can be related to the defects and 

some traps in the substrate and the slowest decay part in Fig 3.12. 

Now the τeff of epitaxial layer is available and according to Eq. (2.12)  

 

    
  

 

    
  

 

     
                                                                                                                                                            

By having the values of τeff and τBulk, it is possible to extract the τsurf. In chapter 2 different factors 

which have an effect on the surface lifetime was mentioned. Surface recombination velocity, 

diffusion coefficient and epitaxial layer thickness are such factors (see in Eq. (2.17)).  
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2 4                                      Results      

 

4.1 Extraction of effective lifetime from experimental data                                                       

According to 3.5 in chapter three of this thesis, the effective lifetime in the substrate and 

epilayer, of every sample were extracted. At first the n-type epilayer with Al2O3 oxide is 

mentioned and the decay of excess carriers in different part of this sample will be shown.  

The measurement was done for 25 different positions on this sample. If all of these graphs are 

plotted together most of them overlap each other. But there are some occasionally separated  

 

Figure 4.1 Decreasing absorption due to decay of carriers in substrate and epilayer measured 

positions in Al2O3/4H-SiC with n-type epilayer. In the substrate excess carrier are 

absorbed very fast but in the epitaxial layer, this absorption is very slow compared 

to the substrate. 
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graphs which are related to some odd values of lifetime and absorption of excess carrier in 

epilayer and substrate. The special homogenisation of the pulse pump laser may have a large role 

for the output and can be one of the reasons for those odd values. If the beam is not 

homogenized, the intensity of detected carriers which are received by the detector will not be the 

same. It means the absorption in that position was not homogenous and it is different from the 

other positions. Another reason could be related to the positions on the sample which were near 

the edges or close to a defect. After plotting all graphs and omitting apparently odd values, there 

is a group of fairly overlapping graphs for each sample (see Fig 4.1).           

This process was done for all samples. All these plots show the decay of excess carriers and three 

different regions may be distinguished: (i) the fast decay corresponding to the recombination in 

the substrate which has the largest part of carriers, (ii) the intermediate decay region, 

corresponding to the recombination in the epitaxial layer and (iii) and the slowest part related to 

release of carriers trapped at deep defects in the substrate. 

Region (iii) is not further mentioned in this study. Although the base of this thesis is effective 

lifetime in epilayer, the fast part of plots that give the effective lifetime in the substrates will be 

analysed too. Some noises is seen at the end of all decay tails. This is not relevant to any part of 

our calculation. 

 

Figure 4.2 Decay of excess carriers in p-type epilayer and substrate of Al2O3/4H-SiC. 

 

Al2O3/4H-SiC with p-type epilayer and SiO2/4H-SiC with n-type epilayer are shown in Fig 4.2 

and 4.3 respectively. 
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Figure 4.3 Decay of excess carriers in n-type epilayer and substrate of SiO2/4H-SiC. 

In Fig 4.4-7, the absorption of different parts of the sample with argon treatment is shown. By 

changing the dose of argon the number of defects will be changed. 

 

Figure 4.4 Decay of carriers in the native oxide /4H-SiC with n-type epilayer. In this 

region the dose of Ar for implantation was the highest 3×1015 (cm-2) and the 

energy of the implantation is 30 keV.  
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Figure 4.5 Decay of carriers in the medium dose region of native oxide /4H-SiC with n-

type epilayer. In this region the dose of Ar is 3×1014 (cm-2) and the energy of 

the implantation is 30 keV. 

 

Figure 4.6 Decay of carriers in the other region of native oxide /4H-SiC with n-type 
epilayer. In this region dose of Ar is the lowest dose in this implantation 

(3×1013 (cm-2)) and the energy of the implantation is 30(keV). 
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Figure 4.7 Decay of carriers in the unimplanted region of native oxide /4H-SiC with n-

type epilayer. This region did not receive any dose of Ar, and it is used as a 

reference for comparison with other implanted regions. 

The energy of   the implantation did not change was chosen to produce defects near the interface 

of the epitaxial layer and oxide with a maximum penetration of around 20 nm to in the epitaxial 

layer. 

Now the mean values of all different positions for each sample are plotted in Fig 4.8. In addition, 

for every group the highest and the lowest energy are kept for finding the error of measurement 

at the end of calculation. According to the theoretical part of this thesis (4.1.1), the effective 

lifetime for every region is extracted from the mean values of every sample.  

The mean values of the effective lifetime in the epilayer and substrate for all samples were 

calculated, as described in (3.3.1).  
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Figure 4.8 Mean values for every sample. The highest peak is related to the sample with 

SiO2 oxide on its top, and the lowest one is related to the lowest dose region of 

Ar-implanted sample.  

 

The extracted effective lifetimes for minimum and maximum curves are used to estimate of the 

error. All extracted values are shown in Table 2. 

 

Table 2. The final experimental results which are extracted from the mean value plot for every sample. Both type of 

measured effective lifetime, for epilayer (τintermediate) and substrate (τfast) are in this table. The substrate for all samples 

is the same. 

 Al2O3/SiC 

(p-type 

epi) 

 

Al2O3/SiC 

(n-type 

epi) 

 

SiO2/SiC 

(n-type 

epi) 

 

Unimplanted 

Region of Ar 

Implanted 

Highest 

dose 

region 

Second 

dose 

region 

Lowest 

dose 

region 

τfast (ns) 
9 ± 0.02 23 ± 4 13 ± 1 20 ± 1 8 ± 1 6 ± 2 15±2 

τintermediate 

(ns) 

38 ± 6 133 ±15 105 ± 5 69 ± 7 61±13 59 ± 4 66 ± 8 
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Since the substrates in all samples are the same i.e. n-type 4H-SiC with nitrogen doping level of 

10
19

 cm
-3

 the same values of effective lifetime in the substrate for all samples should be 

expected. But from Table 2, τfast in different sample varies considerably. In the sample which is 

bombarded with argon, the effective lifetime in the epitaxial layer of the implanted region with 

highest dose should be the shortest one because of the many defects that were produced. But 

after measurement there is no significant difference in the effective lifetime in the epitaxial layer 

compared with the value in the reference region that is unimplanted. The shortest effective 

lifetime in the epitaxial layer corresponds to the p-type epilayer with Al2O3. This sample has the 

thinnest epilayer between all samples. The longest lifetime is related to n-type epilayer with 

Al2O3. The lifetime value in the other n-type epilayer which has a SiO2 grown oxide on top is 

very near to the n-type with Al2O3. The fast part of all these excess carriers decays (see Fig 3.11 

(b)) all have much shorter lifetime to compared with the intermediate lifetime. All the results are 

now ready and extracting the SRV by fitting the data with the model (Eq. (2.16), (2.17)) will be 

possible.  

 

4.2 Fitting of data 

In this part we extract the values of surface recombination velocity (SRV). This is done by fifty 

measured data with the model presented in section 3.3.1. For given values of diffusion 

coefficient and bulk lifetime in the different regions, the following plot can be calculated (Fig 

4.9). The simulation is based on the variable effective intermediate lifetime versus epilayer 

thickness when                    and        /s are used as a constant (8). At first, In 

Fig.4.9 the SRV for the oxide/epi surface approximately assumed between 1×10
3 
 5×10

4 
cm/s 

and SRV at the epi/substrate interface is kept at 1×10
6 

cm/s (8), (24). According to these SRV 

values, the ratio of the SRV at the interface of epi/substrate over the SRV value at the interface 

of epi/thin oxide follows the limitation of Eq. (2.17). These approximated values are not 

approved and knowing the exact value for S1 the goal of this fitting. The next step is fitting the 

experimental results of τeff which were extracted from the average plot of every sample (Fig 4.8). 

In Fig 4.10 by fitting the values of τintermediate (Table 2) and the thickness of epitaxial layers 

(Table 1) on the S1 graphs their SRV in the interface of epitaxial layer and thin film oxide will be 

achieved. This process was repeated for all samples consisting of native oxide on the n-type 

epilayer which was bombarded with argon to produce a damaged layer under the interface of 

native oxide /epi. There are different values of SRV for the interface of native oxide /epi for 

every region (see Fig 4.10), but the differences are small.  
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                    Figure 4.9 Simulated graph for various SVR values are shown for effective 

carrier lifetime as a function of epilayer thickness. The lines are 

constructed for S2 > S1 when                . The other 
parameters are constant and their values are: τbulk = 4 μs and D = 5 

cm2/s (8), (24), (26). 

 

The highest SRV is related to the SiO2/4H-SiC with n-type epitaxial layer the value is S1 = 

5.7×10
4
 cm/s. There is a significant difference between this value and the other SRV in the 

interfaces of oxide/epi in all samples. The value of SRV at the interface of Al2O3/4H-SiC with n-

type epitaxial layer, S1 = 1.80× 10
3
 cm/s, is in the second place. The region of the thickness 

which was related to the measured samples is between 615 μm. The thicker epilayer will have 

the longer effective lifetime value but by reducing the thickness of epilayer the SRV values will 

be decreased and split up (see Fig 4.9).  

Although it is assumed that the region of argon implanted sample which was bombarded with the 

highest dose of argon must have the longest lifetime among the other regions, there is no 

sufficient difference between their lifetime values.  All of them are close to the effective lifetime 

of reference region that is unimplanted. In addition, after fitting the data with model the highest 

SRV value is related to the implanted region with medium dose of argon (S1 = 1.53 × 10
3
 cm/s) 

and the slowest SRV is related to the unimplanted region (S1 = 1.07 × 10
3
 cm/s). These SRV 

values were collected in Table 3. 
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Figure 4.10 The values of SRV in the interface of epi/oxide in the samples by fitting their 

measured lifetimes (Table 2) and their epilayer thickness (Table 1) with the 

model are extracted. The SRV of epi/substrate interface, bulk lifetime in 

epilayer and the diffusion coefficient constant in all of them are constant.  

 

Table 3. The SRV values in the interface of oxide/epi of all measured samples. 

Epilayer Film Epilayer 

thickness (μm) 

SRV (cm/s) 

n-type SiO2 15 5.7×10
4
 

n-type Al2O3 15 1.80×10
3
 

p-type Al2O3 6 1.07×10
3
 

n-type 

epilayer 

(Ar-

implanted) 

 

Highest dose 

region 

 

 

Native oxide 

 

 

9 

1.41×10
3
 

Medium 

dose region 

1.53×10
3
 

Lowest dose 

region 

1.18×10
3
 

Un-

implanted  

1.07×10
3
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According to Table 3, the highest SRV is related to the SiO2/4H-SiC with n-type epitaxial layer 

and the unimplanted region of argon implanted sample and Al2O3/4H-SiC with p-type epilayer 

both have the lowest SRV value. Although the aim of surface passivation is reduction of SRV 

value at the interface (dielectric/epi), the process of passivation and some relevant factors of this 

process such as the temperature can produce more defects in different parts of sample. For 

example using the high temperature to grow the SiO2 on the epitaxial layer can be one of the 

reasons of defects in the substrate or epilayer.  

In the Ar-implanted sample, by increasing the dose of ion, the number of defects beside the 

interface of this epilayer and natural oxide should be increased. The SRV values also in different 

regions should be rise dramatically by increasing the dose of implantation. But this anticipation 

is not true and according to Fig 4.11 there is no big difference between different SRV values of 

these regions.  

 

 

Figure 4.11 The SRV values of different regions of the n-type epilayer which is 

implanted by three different doses of argon. 

 

 

 

 

1.41E+03  cm/s
1.53E+03 cm/s

1.18E+03  cm/s

1.07E+03  cm/s

Highest Dose Mediume Dose Lowest Dose Unimplanted 



44 

 

5                                    Discussion    

The large density of defects states which are located at the interface between 4H-SiC and its 

native oxide SiO2 is the challenging point for developing the SiC-based devices. One major 

reason for these various forms of defects at the SiC/SiO2 interface is the carbon release (1).  

Because of the dangling bonds C the rate of recombination on the surface will be increased. To 

reach a lower density of defect states the surface is passivated by a dielectric such as SiO2 or 

Al2O3.  

The thickness of the 4H-SiC epilayers in all measured samples is between 6  15 μm. All these 

epitaxial layers have two different interfaces. One with the substrate and the other, which is 

considered here, is the interfaces with the thin film oxide on their top. Consequently, there is an 

asymmetrical surface recombination and the effective lifetime is very sensitive to the thickness 

(see Fig 5.1) 

  

Figure 5.1 Asymmetrical diffusion at the epilayer 

with two interfaces which have the 

different diffusion value.  

The epilayer thickness is therefore very important for outcome of this study. The thinner layers, 

the larger are the influence of the surfaces. 

The ALD method has some clear advantages over the thermally grown of SiO2 layer. The 

method is fast and takes place at relatively low temperatures. As seen in this work ALD of Al2O3 

also appears to give good interfaces in terms of the surface recombination velocity. 



45 

 

The shortest SRV values were actually achieved for the p-type epilayer with Al2O3 deposited by 

ALD. This result could be influenced by the relatively thin p-type epilayer, which makes 

comparison to the thick n-type layer difficult. The effective lifetime in a thin epilayer is strongly 

reduced by the surface recombination. 

Of coarsely the diffusion constant and the bulk lifetime is lower in the p-type layer due to higher 

doping and also a general lower quality of p-type epitaxy. Despite of these uncertainties the 

investigation shows that Al2O3 deposited by ALD can be a very attractive alternative for 

passivation of SiC surfaces. 

The results from the Ar-implanted sample are more difficult to understand. It was expected that 

the highest dose region should have the highest SRV value and this value should be dramatically 

reduced by decreasing the dose of argon. One reason for the similar values of the SRV for the 

different doses of the Ar implanted samples can be that a natural oxide is formed after the 

implantation. The implantation “softens” the surface and an oxide is easily formed that includes 

the damage SiC. This means that the surface between Ar-implanted and epi-bulk will look 

basically the same in all these samples. Thickness measurement by the SEM technique of the 

cross section of these samples can be used to achieving information about native oxide thickness 

before and after implantation. In addition, lower dose of argon could also be tried to see if the 

doses used here are already too high. 

As a future work, producing the thinner epilayer will be desired because by reducing the 

thickness, the SRV values will be decreased and split up (see Fig 4.9).  Another shortcoming is 

the modelling which was used for fitting the data with it. There is a limitation in this model 

which is related to the ratio of the SRV values at two different interfaces. By improvement of 

this model it can be applied for calculation of SRV value at any interfaces.  

Finally, it would be very interesting to correlate the optical pump-probe method with electrical 

characterization, like CV-measurements.  
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6                                   Conclusion    

In this thesis, the surface recombination velocity (SRV) values for the interface of 4H-SiC 

epitaxial layers and various passivation layers were measured by an optical pump-probe 

technique based on free carrier absorption (FCA). Effective carrier lifetime was measured in the 

epilayers with known thicknesses and values of the SRV could be extracted. 

Comparison of results from different samples showed that the p-type epilayer, which was the 

thinnest, could be fitted within the lowest SRV value (1.07×10
3 

cm/s). After that, n-type epilayer 

with Al2O3 which was prepared by ALD technique is the second lowest (1.80×10
3 

cm/s) but n-

type epilayer with grown SiO2 has the  highest SRV value (5.7×10
4 

cm/s). The results of the 

measurement for the Ar implanted n-type epilayer with native oxide were not as expected and 

further measurements are suggested to establish the thickness of the naturally grown oxide of 

these samples. 

Finally, it can be concluded that the FCA measurement by pump-probe technique is a fast and 

reliable method to establish surface recombination velocities. This is very important when 

passivation layers are evaluated.  
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Consequently, studying the interfaces of epitaxial layer in this experiment depends on knowing 

about the SRV values. Although the diffusion coefficient D and thickness of epitaxial layer are 

involved in Eq. (2.15), the most efficient factor on the surface lifetime is the velocity of 

recombination on the surface and reducing SRV is desired.  
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