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Abstract. Investigation of the doped areas in 4H-SiC power devices has been done by non-destructive 
characterization methods. It consists of local surface potential measurements by Kelvin Probe Force 
Microscopy (KPFM) coupled with scanning electron microscopy (SEM) and µ-Raman spectroscopy. 
Near-field mappings of the devices’ surface have been realized, allowing us to discern the differently 
doped areas.  

Introduction 
Silicon carbide (SiC) power devices are today mainly employed for high voltage, high frequency, 

or elevated temperatures applications. The rise of industrial markets, such as the one of electric 
vehicles, has increased the demand for high-performance power devices, leading to more complex 
geometry of the components which mostly relies on accurate SiC local doping [1,2]. Therefore, it 
became necessary now to be able to monitor the doping of SiC devices at all steps of the fabrication 
process to ensure the planned structure architecture. Accurate doping, controlled at µ-nano scale will 
guarantee, for example, the effective equipotential distribution in the material and prevent the 
formation of local and undesired high electrical fields [3]. In this work, the doping in 4H-SiC lateral 
junction field effect transistors (JFETs) is studied with non-destructive characterization methods like 
KPFM, µ-Raman, and SEM. Compared to more conventional doping characterization techniques, 
such as the Hall effect [4] or secondary ion mass spectrometry (SIMS) [5], these methods do not 
damage the material they are used on and so provide fast and real-time evaluation of local doping 
profiles with no need for complex samples’ preparations. They are thus ideal for monitoring all 
doping steps of devices even if they are fabricated on large SiC wafers. 

Experimental Part 
Fabrication of the devices. The analyzed samples in this study are n and p-type lateral junction field 
effect transistors (JFET). The integrated circuits are conceived on a 4H-SiC wafer commercialized 
by II-VI COHERENT, with different CVD-grown n and p-type epitaxial layers. Fig. 1 shows a 
scheme of the JFET structures as well as the depth and doping of the substrate and epitaxial layers. 
To etch the p-doped layers and separate the n and p-type JFETs, RIE/ICP plasma etching was used. 
The plasma is composed of SF6 (25sccm) and O2 (6.7sccm) gazes [6]. The channels of the transistors 
were realized by ion implantation of nitrogen (n-doped channel) or aluminum (p-doped channel) in 
the epitaxial layers. Second ion implantation of nitrogen (or aluminum) was performed to conceive 
the n+-doped (or p+-doped) sources, drains, and gates. Table 1 summarizes the different ion 
implantations realized [7]. Activation of the dopants was done by annealing at 1650°C for 45 minutes, 
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under argon, of the samples. Finally, the metallization of the JFETs has been done. The structures of 
the ohmic contacts were Ti/Ni for n-doped 4H-SiC and Ni/Ti/Al/Ni for p-doped 4H-SiC and were 
respectively annealed at 900 and 800°C for 90 seconds [8].  

 
 
 

a) 

 

b)  
 

c)  
 

Fig. 1. Vertical scheme of the JFETs structures (a) and top view of n-type (b) and p-type (c) JFETs. 
Green triangles, blue circles, and yellow lozenges correspond to n+-doping, p+-doping, and the doped 
channels of the JFETs respectively. Blue and red plots in (b) and (c) images are the metallic contacts. 

Table 1. Description of the ion implantations performed in the JFETs 

Samples Type Doping [cm-3] Depth [µm] 
n-type JFET Channel n 2×1017 0.93 

Source and Drain n+ 3×1019 0.32 
Gate p+ 3×1019 0.26 

p-type JFET Channel p 2×1017 0.94 
Source and Drain p+ 3×1019 0.26 
Gate n+ 3×1019 0.32 

 
Characterization methods. Non-destructive characterization methods were used to analyze the 
samples. Because n+ and p+-type doping were achieved through ion implantation at the surface of the 
samples (depth of less than 1µm), a Hitachi SU-8030 FEG-SEM (field emission gun-scanning 
electron microscope) was used in secondary electrons mode to detect the differently doped areas at 
the surface.  

Additionally, these areas were identified using a LabRAM HR Evolution Raman microscope from 
Horiba with a UV laser line (325nm). The µRaman measurements have been performed under a 
backscattered geometric configuration excited at room temperature (RT). To carry out the 
measurements, a 40× long-focus objective lens and a 100 μm confocal pinhole were used with a 
grating of 1800g/mm. Raman spectroscopy depends on the discrete vibrational states of the SiC atoms 
(phonons). The spectra obtained are thus directly associated with the crystallography of the material 
[9]. The low excitation wavelength ensures that the laser remains confined to the device’s surface 
[10,11]. 

Kelvin probe force microscopy (KPFM) is an electrical mode of atomic force microscopy (AFM). 
In this work, the Dimension Icon AFM from Bruker is employed in peak force frequency modulated 
mode (FM-KPFM) [12], along with SCM-PIT V2 tips. First, the tip scans the surface in Peak Force 
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Tapping mode to measure its topography. Then, the tip is lifted to measure the surface potential. In 
FM-KPFM mode, a modulation signal (AC) is applied to the cantilever to vibrate it at its resonance 
frequency. Simultaneously, a bias voltage (DC) is applied between the tip and the sample, inducing 
electrostatic forces between the two. These forces generate a dephasing of the cantilever’s resonance 
frequency, and the DC voltage is adjusted to offset this dephasing and nullify the impact of the 
induced electrostatic forces. The DC signal is thus equal to the tip-sample contact potential difference 
(CPD), representing the difference in work functions between the tip and the sample. Fluctuations in 
the DC signal lead to the surface potential mapping of the samples [13,14].  

Results 
Fig. 2.a and 2.b respectively show the surface of the n-type and p-type JFETs. While the 

metallization of the devices is easily observed under microscope imaging, the successive n+ and p+ 

type doping inside the channels are not visible at all. However, under SEM observation, the various 
types of doping can be distinguished (Fig. 2.c.d). The symbols found on the different images can be 
associated with the channel (lozenges), n+ (triangles), and p+ (circles) doping of the JFETs. In the 
SEM images, the n+-doping appears darker than the n or p-doped channels whereas the p+ doping 
appears lighter. This suggests that fewer secondary electrons are collected from n+-doping compared 
to p+ doping. It also appears that the thicknesses of the n+ and p+-doped areas are larger than expected 
(Fig. 1.b.c). This could be attributed to a masking issue during the ion implantation process. The p or 
n-doped channels are thus very thin at the surface of the samples, making them more difficult to 
observe.  
 

a)  b)  

 

c)  
 

 

d)  

Fig. 2. Darkfield microscope images (obj x5) of n-type (a) and p-type (b) JFETs. (c) and (d) are the 
SEM images of the n-type and p-type JFETs respectively 

Fig. 3 illustrates the surface potential mappings of the JFETs, which corresponds to the difference 
in work functions between the AFM tip and the sample. The surface potential fluctuations coincide 
with the variations in the number of secondary electrons detected by the SEM, confirming the issue 
of the too large n+ and p+-doped areas, reducing the thickness of the JFETs channels at the sample’s 
surface. This time, the p+-doping displays a higher potential (~250mV) than the n+-doping                               
(~ -350mV). However, the n-doped channel presents a surface potential value that falls between the 
values of n+ and p+-doping (~100mV), while the p-doped channel presents a surface potential that 
surpasses both, n+ and p+-doping (370mV). 
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The Raman measurements reveal the spectra of the different doping present in the 4H-SiC JFETs 
(Fig. 4.a). Distinctive peaks characteristic of 4H-SiC are found. Fig. 4.c. and 4.d show the Raman 
spectra of the different doping in the n-type JFET. The intensity of the LO peak is slightly reduced 
for the n+ doping compared to the p+ one. Raman mappings of the JFETs coincide with the KPFM 
mappings. In both JFETs, the LO peak is lower in intensity for n+ doping than for p+ doping. The 
demarcation between the differently doped areas is more easily discernible in the p-type JFET 
compared to the n-type JFET. 

 

a)  b)  

c)  d)  
 

Fig.3. n and p-type JFETs respective KPFM mappings (a), (b) and measured surface potential (c), (d) 

a)  b)  

c)  d)  
Fig. 4. (a) Raman spectra of the doped areas of the n-type JFET. (b) Zoom in the LO peak. (c) and 
(d) are respectively the Raman mappings of the n-type and p-type JFETs 
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Discussion 
For SEM measurements, the variation in the contrast between the n and p-doped areas is not 

attributed to a difference in surface topography but comes from the dissimilar doping charges present 
in the two zones. Indeed, the p-n junctions present in the JFETs form an electric field that drives away 
electrons from the p-doped region and attracts them near the n-doped region. The built-in potential 
for p-n junctions and isotype homo-junctions can be measured with the formulas (1) and (2) 
respectively [15].  

Vpn = kT
q

ln NAND
ni
2                                                                                                                                 (1)                                            

 Viso = kT
q

ln N1

N2
                                                                                                                                   (2) 

With NA and ND the respective concentrations of acceptors and donors, N1 and N2 respectively the 
higher and lower doping concentrations, ni the intrinsic carrier density, k the Boltzmann constant, T 
the temperature in degrees Kelvin, and q the elementary charge. 

Because this electrical potential possesses generally a low strength, it affects SEM imaging only 
when the emitted secondary electrons from the material have a low energy. The electric field causes 
the acceleration of the electrons emitted from the p-doped areas and the deceleration of the electrons 
emitted from the n-doped ones. The built-in potential also manifests in isotype homo-junctions but 
with a lower force compared to p-n junctions. That phenomenon explains why, at the JFETs’ surface, 
the p+ doping appears brighter than the n+ one. When comparing two n-type (p-type) doping, the one 
with a greater number of donors (acceptors) appears darker (lighter) in SEM imaging [15,16].  

 
KPFM measures the contact potential difference (CPD) between the AFM tip and the sample’s 

surface which corresponds to their difference in work function. So, the CPD depends on the Fermi 
level of the material and can be expressed by the formulas (3) and (4) for p and n-doping respectively 
[14]. 

 VCPD
p = 1

q
�χ + Eg

2
+ kBT. ln �NA

ni
� − Φm�                                                                                                     (3)     

 VCPDn = 1
q
�χ + Eg

2
− kBT. ln �ND

ni
� − Φm�                                                                                                     (4)         

With q the elementary charge, χ the electron affinity, Eg the band gap, kB the Boltzmann constant, T 
the temperature, Φm the work function of the metallic tip, NA, ND, and ni the respective acceptor, 
donor, and intrinsic carrier densities.  

In semiconductors, n-type doping leads to an increase in the Fermi level due to electrons 
accumulation whereas p-type doping leads to the opposite due to holes’ accumulation. So, in 4H-SiC, 
p-doping should present a higher CPD than n-doping [14]. Moreover, according to formulas (3) and 
(4), the CPD should increase when the concentration of aluminum introduced in SiC for p-type doping 
increases. The opposite should occur for n-type doping. However, interface charge states, defect states 
in the SiC bandgap, or surface defects can influence the Fermi level, leading to band bending and 
fluctuations in the CPD value which are not taken into account in the preceding formulas. In extreme 
cases, the CPD value can even be pinned and become independent from the Fermi level [14,17,18]. 
In this work, for both n (Fig. 3.c) and p-type (Fig. 3.d) JFETs, the p+-doped areas have a higher surface 
potential than the n+-doped ones which follows the theory. However, for the p-type JFET, the surface 
potential of the p-doped channel is higher than the one of the p+-doped wells whereas a reduction in 
hole concentration should decrease the value of the CPD measured. In the case of the n-type JFET, 
the surface potential of the n-doped channel is between the ones of n+ and p+ doping, which respects 
the theory. But, the potential value of the n-doped channel (~100mV) is closer to the potential of p+-
doped wells (~250mV) than to the potential of n+-doped wells (~ -350mV). The CPD values of the p 
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and n-doped channels are reproducible and occur at each KPFM measurement, at different locations 
of the JFETs’ surface so it is unlikely that their elevated values of surface potential are due to local 
surface defects.  

On the other hand, defect states in the band gap of 4H-SiC can result in downward band bending 
for p-type doping and upward band bending for n-type doping at the surface of the sample [14,18]. 
In this work, the first ion implantation of nitrogen or aluminum realized the n or p-doped channels of 
the JFETs. A second one was then performed to create the n+ and p+-doped wells. However, ion 
implantation is known to generate defect states and lattice damage in SiC, especially for implantations 
of high concentrations of dopants [19,20]. The induced damage in 4H-SiC can be mostly healed by 
high-temperature annealing but residual defects will be still present within the material. Moreover, 
high-temperature annealing can also generate deep-level traps, also called compensating defects, 
which reduce the free carrier density in the implanted material, especially for Al-doped layers [19–
21]. So, it is possible that these compensating defects appeared in the p+-doped wells of the JFETs 
generated by ion implantation of high concentrations of aluminum. The presence of these defects 
could cause downward band-bending and a drop in surface potential for the p+-doped wells of the 
JFETs [14,17,18]. That would explain why the surface potential of the p-doped channel is above the 
one of the p+-doping in the p-type JFET and why the surface potential of the n-doped channel is close 
to the one of the p+-doping in the n-type JFET. Laser illumination of the samples can be used to offset 
this phenomenon of band bending due to the diffusion of photon-induced electron-hole pairs towards 
the surface [17].  

 
For µ-Raman measurements, the Raman spectra of the different doped areas (Fig. 4.a) show the 

typical peaks of 4H-SiC with good crystallinity [9,22,23]. In this work, we are interested in the 
changes in the shape of the LO peak of 4H-SiC. Indeed, the doping of SiC is well known to affect the 
shape and position of the Raman peak associated with the longitudinal optical (LO) phonon. An 
increase in doping concentration leads generally to a decrease in the intensity of the LO peak and an 
increase in its width [24–26]. When nitrogen (n-type doping) or aluminum (p-type doping) atoms are 
introduced in SiC, they can deform its lattice due to the difference in size between the dopant species 
and the silicon or carbon atoms. The induced stress in the lattice can then lead to a shift in the phonon 
oscillation frequency and so a shift in the position of the LO peak [10,24]. Furthermore, nitrogen and 
aluminum doping respectively bring free electrons and holes in the SiC crystalline structure. The 
shape and position of the Raman LO peak can also be affected by the coupling between the LO 
phonon and the plasmons induced by the collective oscillations of the free charges under laser 
excitation [9,24]. However, the phonons are more easily coupled with free electrons than holes at 
room temperature [24,26–28] due to the weak mobility of holes within 4H-SiC [3]. So, for Al-doped 
SiC, the position, and shape of the LO peak will be mainly dependent on the deformation of the lattice 
due to the size of aluminum compared to silicon whereas, for n-doped SiC, it will be more dependent 
on the LO-phonon-plasmon coupling.  

Generally, for the same concentration of dopants, n-type doping tends to lower the intensity of the 
LO peak more than p-type doping [24,29]. This trend is confirmed in Fig. 4.c.d where, for both JFETs, 
the height of the LO peak is lower for n+ doping than p+ doping. Moreover, for the same dopant 
species, the intensity of the LO peak is supposed to decrease with the dopant concentration [26,27,30]. 
Consequently, in the n-type JFET, the n-doped channel presents a LO peak with a higher intensity 
than the n+-doping. However, for the p-type JFET, the p-doped channel presents a lower intensity for 
the LO peak than the p+-doped areas. Moreover, with a 100-fold difference in dopant concentration, 
the variation in the intensity of the LO peak is supposed to be more important than what is shown in 
Fig. 4.b [24,28,30]. This can be due to the fact that, even with the use of a laser line at a low 
wavelength (325nm), the laser beam still penetrates a few micrometers deeper in the material [10,31]. 
So, added to the photons emission of the p+ and n+ doping, photons emitted by the n-doped (p-doped) 
channel and the p-doped (n-doped) epilayer situated below can be detected which disturb the analysis 
of the results. Moreover, point defects in the SiC lattice can also affect the shape of the LO peak and 

18 Processing and Characteristics of Solid-State Structures



 

lower its intensity. They could have been induced during ion implantation of the JFETs, even if after 
annealing at 1650°C for 45 minutes, most of them should have been healed [32,33].  

Conclusion 
Non-destructive SEM, KPFM, and µ-Raman characterization methods are a powerful way to 

identify doped and functional junctions in electronic devices such as JFETs. The different mappings 
of the device surface allow us to find the location of the different doped areas. It is also possible to 
monitor the presence of high electric fields at the surface of the device structures with KPFM. 
However, KPFM and µ-Raman measurements are also dependent on other physical phenomena. 
Indeed, the surface potential obtained by KPFM is impacted by surface defects and the charges 
present in the material. In the case of µ-Raman, the height of the LO peak is also dependent on the 
defects inherent to the material or created during the ion implantation doping process. For the 
investigation of thin layers, there is also the question of the too-high laser diffusion depth in the 
material. These methods are thus ideal for fast and qualitative monitoring of the doping profiles, 
allowing us to discern an issue with the masking of the sample during the ion implantation or the 
selective etching of the multi-epitaxial layer process. 
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